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This thesis is concerned with the self-consistent modelling of the static electrical 
properties of buried heterostructure lasers. The model developed has been applied to 
examine the current leakage and optical mode structures of two particular laser structures, 
the buried ridge structure (BRS) and constricted mesa (CM) lasers, which are used in 
high frequency applications.
In order to model the electrical and optical properties in a self-consistent fashion, separate 
models of the current spreading and optical waveguiding are developed. These models 
are then linked by the carrier density in the active layer, which sets the active layer 
voltage and refractive index distributions, and the active layer carrier density is treated 
in a self-consistent fashion between the two models.
The electrical model is developed in chapter 3, and used to study the current leakage 
around the active region in above threshold buried heterostructure lasers. Results are 
presented showing the effect on the leakage current of changes in laser geometry and 
upper cladding layer doping density. The optical model solves for the waveguiding in 
the laser structure in two dimensions. The Weighted Index method is used to obtain the 
modes of the waveguide, and the method is extended to handle the case of complex 
permittivity. Using this model, the effects of changing the laser geometry and active 
layer carrier density are studied.
The self-consistent model is used to examine the effects of the cladding layer doping 
density, and changes in the laser geometry, on the lasing characteristics of BRS and CM 
lasers. The effects of two lasing modes are included in a self-consistent fashion. The 
model is used to predict the light-current and current-voltage characteristics, and the 
proportion of current flowing around the active layer is calculated. It is also possible to 
predict the photon densities of each lasing mode, the optical field profile and the current 
and carrier density distributions.
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a gain parameter, normalised waveguide parameter
A active layer width
Al2*A2l spontaneous transition rate
b gain parameter, normalised waveguide parameter
B magnetic flux vector
Einstein coefficients
BfrBj spontaneous radiative coefficients
c speed of light
C Auger coefficient, contact width
d upper cladding region depth
D electric displacement vector
De effective ambipolar diffusion coefficient
electron, hole diffusivity
E electric field vector
Ej energy of state j
E0EV electron and hole quasi-Fermi levels
FC,FV conduction and valence band edge energy
Fm Fermi integral
8 optical gain
8th threshold optical gain
G total optical gain
h Planck’s constant
Khy mesh spacing in horizontal and vertical directions
H magnetic field vector
I current
j square root of -1
J(x,y) current density
k Boltzmann’s constant, wavenumber
K extinction coefficient
K device/cavity length
E,P effective diffusion length
n(x),N electron concentration
ni intrinsic carrier concentration
nj refractive index of medium j
NC,NV conduction and valence band density of states
p(x) hole concentration
Po>Po p-doping of active, cladding layer
P time averaged power flow
Q electronic charge
R ratio of real to imaginary part of refractive index
reflectance of mirror j
Df'spon spontaneous recombination coefficient
ftsrim stimulated recombination coefficient
Rnr non-radiative recombination coefficient
s,S photon density
s z Poynting vector




a optical absorption coefficient




T\a active layer refractive layer









CO* relaxation oscillation frequency
p charge density
Pv energy density at frequency v
a conductivity




Semiconductor lasers, due to their small physical dimensions and ease of production, 
have found many applications in areas as diverse as optical storage devices, compact 
disk players and laser printers. One application for which the semiconductor laser is 
particularly suited is in high bandwidth communications systems, due to their high 
electro/optical conversion efficiency, the high directly modulated bandwidths attainable, 
and an active layer size compatible with that of optical fibres.
Lasers which are directly modulated, i.e. the current injected into the laser itself is 
modulated, must have a low capacitance and resistance to reduce the parasitic frequency 
roll-off, and a high power output, since the intrinsic bandwidth is related to the square 
root of the cavity power [1]. The buried-heterostructure geometry is most often used 
because of the high optical confinement which leads to high photon densities in the active 
region. These devices are generally fabricated from the InP/InGaAsP material system, 
due to the wavelength and high power requirements.
Two laser structures which have been used in high bandwidth applications are the buried 
ridge structure (BRS) and constricted mesa (CM) lasers shown in figure 1.1. The con­
stricted mesa laser in particular has been used to obtain direct modulation bandwidths 
in excess of 24GHz at room temperature [2], and 26.5 GHz when cooled [3]. The buried 
ridge structure, whilst not capable of quite such high bandwidth operation, has the 
advantage of a planar construction which makes it ideal for integration with other 
optoelectronic components. This thesis is concerned with the modelling of the static 
properties of these two laser structures. The following sections describe the various topics 
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Figure 1.1 (a) The buried ridge structure laser
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Figure 1.1(b) The constricted mesa laser
p-InP cladding
n-InP cladding
1.2 The buried ridge structure laser
The buried ridge structure laser [4-6] is shown in figure 1.1 (a). The device uses the buried 
heterostructure geometry, and the InGaAsP active layer is completely buried by the upper 
p-type and lower n-type InP cladding layers. A stripe contact is used to the upper p-type 
cladding region and a broad area contact made to the substrate. Such lasers have been 
fabricated by many groups, mainly due to the simple fabrication process, which is 
compatible with all epitaxy techniques presently used.
Unlike many other buried heterostructure lasers, the BRS laser does not incorporate 
reverse biased junctions for current confinement Instead, current confinement is by InP 
homojunction regions on either side of the active layer, and the design relies on the 
difference in turn on voltage between the active layer heterojunction and the homo­
junction regions. Further current confinement is achieved either by limiting the width 
of the device, either by proton bombarding or Fe doping the InP material on either side 
of the active region.
13 The constricted mesa laser
The constricted mesa structure [7-11] shown in figure 1.1(b) is currently credited with 
the highest modulation bandwidth for bulk lasers, and has been designed specifically 
for high bandwidth operation. The CM and BRS lasers are similar in construction, 
however with the CM laser the physical dimensions of the device have been minimized 
to reduce parasitics. The main differences between the CM and BRS lasers are the sloping 
mesa sidewalls, and the undercut region on either side of the active layer. The sloping 
sidewalls are formed by etching through the upper cladding layer using a wet chemical 
etchant. The active layer is then etched away to the required width using a second wet 
etch, and InP material regrown around the active layer by either mass transport [7] or 
vapour phase epitaxy [8-10], leaving an undercut region.
The narrow regrown regions that can be achieved by this process limit the current leakage 
path around the active layer (current can by-pass the active region through the forward 
biased p-n homojunction regions on either side). It might be thought that lasers fabricated 
without the regrown InP regions would have the advantage of eliminating this leakage 
path altogether. Devices with this structure (called mushroom stripe lasers) have been 
manufactured [12-15], however there appears to be a degradation mechanism which 
causes lasers with no regrown region to fail after only a short operational period [16,17], 
and so they are no longer produced.
1.4 Design considerations
Whilst the design of the constricted mesa and buried ridge structure lasers is in many 
ways ideal for high speed operation, unless the design is optimized these lasers can suffer 
from two effects which will limit their ultimate performance. These are current leakage 
around the active layer, and lasing in several lateral modes. The implications of these 
phenomena are discussed in the following sections
1.4.1 Leakage current
Leakage current in buried heterostructure lasers in which transverse current confinement 
is achieved by forward biased p-n homojunctions can be a serious problem [6,18,19]. 
With reference to figure 1.1, it can be seen that on either side of the active layer there is 
an InP p-n homojunction region. It is through these two homojunction regions that the 
leakage current flows, by-passing the active layer, and therefore not contributing to light 
production. The current does, however, add to the ohmic heating of the device, and 
increases in proportion to the drive current, eventually dominating the injected current 
and thus limiting the output light power of the device.
The reasons for this leakage current can be understood by considering a simple, but 
somewhat analogous situation, where the active region and homojunction regions are
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replaced by discrete diodes, with the homojunction diode having a higher turn on voltage. 
As the voltage applied to the top contact is increased, both diodes are forward biased, 
but the heterojunction diode starts to conduct first As the applied voltage is further 
increased, the homojunction diode becomes turned on and starts to conduct. Due to the 
lasing action at the heterojunction, the voltage here becomes pinned near to its value at 
the laser threshold. A further increase in the applied voltage therefore leads to a greater 
proportion of the injected current flowing through the homojunction diode. Although 
this is a simplification of the actual situation, it provides a basis for an understanding of 
the problem.
The problem of current leakage is common to many devices, and a fuller understanding 
of the problem is becoming increasingly important as devices are designed for higher 
power outputs. Such devices are constantly finding applications, one area of current 
interest being in optical pumps for fibre amplifiers. The self consistent model presented 
in this thesis examines the problem of current leakage in the class of lasers which have 
a buried heterostructure geometry, and use forward biased heterojunctions for current 
confinement Such lasers are attractive to build because of their simplicity of fabrication 
against other current confinement schemes.
1.4.2 Multi-lateral mode operation
The problem of multi-lateral mode operation is well known in the context of buried 
heterostructure lasers [5,15], however, it is more complex to explain than that of current 
leakage. The design of the active region of most buried heterostructure lasers is often 
such that the waveguide formed by the active and cladding regions will permit several 
lateral modes to propagate. It is possible to fabricate active regions with dimensions such 
that only one mode may propagate, however, this requires a very narrow active region, 
with consequent problems of beam divergence and coupling the light output to fibres. 
It is therefore often desirable to have a relatively wide active layer, but to still be able 
to confine the laser to single mode operation.
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Single lateral mode lasing is possible because although a mode may be allowed to 
propagate by the waveguiding structure of the laser, it may not have sufficient gain to 
enable it to lase. For a mode to lase it must have enough gain to overcome the losses in 
the cavity. The gain of an optical mode in a waveguide is related to the imaginary part 
of the propagation constant of the mode. This in turn is determined by the complex 
refractive indices of the various sections of the guide.
The carrier density in the active layer alters the real and imaginary parts of the refractive 
index of the active material, and thus the waveguiding properties of the structure. The 
carrier density distribution is related to the current injected into the active layer. If the 
current is well confined to the active region then considerable current crowding can 
occur at the edges of the region. Such current crowding alters the carrier distribution and 
thus the waveguiding properties, altering the gains experienced by the propagating 
modes. In many cases this will lead to sufficient gain experienced by the second and 
subsequent modes to enable them to lase.
Such multi-lateral mode outputs are undesirable because of the effect which they have 
on the device output. Often, the commencement of the second lasing mode is associated 
with a kink in the output light-current curve, which will cause distortion of the modulated 
output. The coupling of light out of the device is affected by beam width, which is altered 
if a second mode is lasing, and the high speed performance may be affected by the turn 
on transient of the higher order modes. The self consistent model has been used to 
examine the point at which the transition between single and multiple mode operation 
occurs, with a view to limiting the laser output to a single mode.
1.5 Semiconductor laser modelling
There are many reasons why one may wish to model a laser diode, and many purposes 
to which such a model may be put For example, when designing a fibre optic link one 
may wish to model the laser component in order to simulate the output power levels and
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frequency, and its sensitivity to back reflections from the link. Or one may wish to model 
the electrical characteristics of the laser to ensure that the power consumed falls within 
the power budget of the system under consideration. Because of the complexity of the 
laser diode, it is not possible to produce one model which will accurately simulate all 
characteristics over all possible situations. The purpose of modelling must be to provide 
a sufficiently accurate model of the characteristics which one is interested in.
The model presented in this thesis is of the current spreading and optical mode char­
acteristics of bulk Fabry-Perot semiconductor lasers. It is intended to help provide a 
better understanding of the device operation and help in the design of the physical 
characteristics of the laser, such as contact width and active layer depth, which it is 
difficult, and expensive, to vary experimentally. This requires a detailed model of the 
physical characteristics of the laser, together with a self-consistent model of the electrical 
and optical properties.
Device modelling has been carried out since before the first semiconductor lasers were 
produced, indeed the practical demonstration of laser action in semiconductors required 
a detailed theoretical background. Since that time much effort has been expended on the 
modelling of semiconductor laser devices, and a review paper by Buus [20] in 1985 
gives the development of modelling up to that time. However, relatively few authors 
have attempted to model more than one laser characteristic (e.g. current spreading, optical 
properties, temperature sensitivity) simultaneously.
In common with this work, many of the more recent self-consistent laser models [21-26] 
have examined both electrical and optical properties in two dimensions, rather than the 
one dimensional or quasi-two dimensional models summarised in Buus’s paper. Several 
of more recent models have been applied to devices with strong index guiding structures, 
e.g. [24,25], however, because of the assumptions made about the active layer they cannot 
be applied to buried heterostructure geometries. Also, although most claim to be able to 
solve for several optical modes simultaneously, very few have done so in a fully 
self-consistent fashion. It is believed, therefore, that this is the first published model to
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handle the buried heterostructure geometry in a fully self-consistent fashion, and also 
the only model to handle the superposition of optical modes self-consistently for such 
devices.
1.6 Layout of thesis
This thesis is concerned with the development of a self-consistent model of the optical 
and electrical properties of buried heterostructure lasers such as the buried ridge and 
constricted mesa lasers. It covers the various aspects required to model both the static 
electrical and optical characteristics of semiconductor lasers, and shows how the two 
are linked. This leads on to the generation of a fully self-consistent model for buried 
heterostructure lasers.
Chapter 2 is an introduction to the concepts required to understand semiconductor lasers, 
and covers the basics of laser theory. Laser action in a two level system is examined, 
and the condition for laser action derived. It is seen that this theory can be extended to 
cover semiconductor lasers, and laser structures are examined. Finally, the requirements 
of directly modulated lasers are investigated, and it is shown that one of the main 
requirements is for high power operation.
In chapter 3 the electrical model is explained. The equations which are used to construct 
the model of current flow are developed, and the solution scheme discussed. The 
equations are solved using a numerical scheme, and the numerical equations are derived. 
Results are presented assuming a fixed active layer carrier distribution to model the 
current leakage effects above threshold. The model is used to examine the effects on the 
leakage current of changing the device dimensions and active layer carrier density.
Chapter4 consists of a review of the theory used in the optical section of the self consistent 
model. From Maxwell’s equations the equations describing light propagation in one 
dimensional waveguides are developed. These are used to show how the propagation
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constant is linked to the loss or gain of the guide when the guide is formed of a conducting 
medium. Power flow of the optical mode is examined, and the confinement factor is 
defined. The differences between TE and TM modes are considered.
The optical model is developed in chapter 5. This considers two dimensional waveguides, 
and the methods of solution available. The weighted index method is presented, and the 
reasons for its adoption for the optical model explained. The extension of the weighted 
index method to waveguides of complex permittivity is developed. Results are given for 
the use of the weighted index method in waveguides of real and complex permittivity, 
examining the effects of device dimensions and active layer carrier density.
In chapter 6 the method of combining the two separate sections of the model into a self 
consistent scheme is presented. The solution of the carrier diffusion equation and its 
crucial effect in linking the electrical and optical models is explained. The full optical 
model is described, and the scheme for adjusting the gain of the modes via the photon 
densities is given. The self consistent model is used to examine the twin problems of 
current leakage and multi-lateral mode operation of lasers. Results are presented showing 
the change in output of the lasers in a variety of situations. In particular the effects of 
dimensional changes and of the p-type doping of the upper cladding layer are examined.
The final chapter, chapter 7, discusses the implications of the results of the model to 
device design, and examines possible extensions to the model. The attempts made so far 
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CHAPTER 2: LASER BASICS
2.1 Introduction
The laser is a source of coherent radiation at optical wavelengths, the word "laser" being 
an acronym for "light amplification by stimulated emission of radiation". This indicates 
that the light generated comes from stimulated emission, although to fabricate a laser 
rather than an optical amplifier some form of resonant cavity is also required. The first 
semiconductor lasers were produced in 1962, and in the ensuing three decades there has 
been a great deal of research carried out in this field.
The theory of semiconductor lasers has been covered in detail by many authors [e.g. 
1-6]. This chapter will concentrate on the most important aspects, to give an under­
standing of the semiconductor laser, and as an introduction to the rest of the thesis. The 
chapter begins by examining the basic concepts of laser action, using the simple two 
level system as an example. The semiconductor laser is then examined, and it is shown 
that although the situation in semiconductors is more complex than with the simple two 
level system, the concepts developed for the two level system can be kept, provided they 
are appropriately modified.
2.2 Laser action in a two level system
Some important relationships concerning laser action can be obtained from consideration 
of the energy system shown schematically in figure 2.1, with has just two electronic 
states Ej and E2. Although the energy diagrams for all laser systems are necessarily more 
complex than this, it is useful to illustrate the basic concepts using this system, and then 
to extend the theory as necessary to cover the practical situation.
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2.2.1 Emission and absorption
The electrons in an atom may change state by exchange of energy. These transitions 
may be radiative, in which case a photon is emitted, or non-radiative, where the energy 
is converted into lattice vibrations or kinetic energy of free carriers. In this section, only 
direct radiative recombination in the two level system of figure 2.1 is considered. When 
an electron undergoes transitions between the energy states it will either emit or absorb 
a photon whose frequency v is given by v = CE2- E 1)/h, where h is Planck’s constant
The electron may change state in three distinct ways, as illustrated in figure 2.2. It may 
fall from the upper level to the lower level, emitting a photon in a process called spon­
taneous emission. Alternatively, by absorbing a photon of energy E2-Ej from an incident 
optical field, the electron will be excited from the lower energy level 1 to the upper level
2. In the presence of an incident optical field, it is also possible for an electron to be 
stimulated to make a transition from the upper to lower states by a photon of energy 
E2-Ej, in turn emitting a photon of this energy. This is called stimulated emission, and 
the radiation produced by this process is coherent with the stimulating optical field, i.e. 
it has the same frequency, polarisation, phase and travels in the same direction.
The stimulated emission process adds coherently to the incident wave, and therefore the 
amplitude of an electromagnetic wave of the correct frequency will grow as it passes 
through a collection of excited atoms. It is this process that provides the amplification 
in laser systems. However, in most circumstances the probability of the spontaneous 
emission process is several orders of magnitude greater than the probability of the 
stimulated emission process, and thus net stimulated emission is not observed. In order 
to obtain laser action the circumstances must be altered so that the probability of a 
stimulated transition is greater than that of the spontaneous transition.
The number of electrons per unit volume, N1 and N2, which at any given instant are at 
the energy levels Ex and E2 respectively, is given by the Boltzmann equation







Figure 2.1 Schematic diagram of the two level energy system
(b)
(c)
Figure 2.2 Schematic diagrams of the three emission processes, 
(a) Spontaneous emission; (b) stimulated apsorption; (c) stimulated 
emission
(2 .2 . 1. 1)
where k is the Boltzmann constant and T  is the temperature.
The average time an electron exists in the upper, or excited state, before making a 
transition to the lower state is called the lifetime, X21 of the excited state, where the 
subscript *21* indicates a transition from state 2 to state 1. The probability that an electron 
will undergo a spontaneous transition within a given time period is given by A2l = l/x21. 
If there are N2 electrons per unit volume at energy E2, then the spontaneous emission 
rate will be given by A^A27.
The stimulated emission and absorption processes require the presence of an optical field 
of the correct wavelength, and so the rates at which these stimulated processes occur 
will be related to pv, the photon energy density at frequency v. The rate of stimulated 
emission may thus be calculated as N2pvB2^  where B21 is a constant If there are Nj 
electrons in the lower state, then the stimulated recombination rate may be found in a 
similar fashion as where again BJ2 is a constant
For a system in thermal equilibrium, the upward and downward transition rates must be 
equal, such that
The energy system under consideration is in thermal equilibrium, and will therefore give
l^Pv l^2 — ^ 2Pv^ 21 "*”^ 2^ 21 (2.2.1.2)
which may be re-arranged, using (2.2.1.1) to give
(2.2.1.3)
Pv =
rise to radiation identical to that of blackbody radiation, for which the radiation density 
is known to be given by




exp (hv/kT) - 1
(2.2.1.4)
where c is the speed of light. Comparing terms between equation (2.2.1.3) and (2.2.1.4) 
it can be seen that
Bl2 = B2l=B  (2.2.1.5)
and
A2l _  A _ Snh v3 (2.2.1.6)
c3
These two equations, (2.2.1.5) and (2.2.1.6) are known as the Einstein relations, and 
give the relationships between the emission and absorption parameters.
2.2.2 The condition for laser action
In order to obtain the necessary condition for optical gain, it is useful to consider a 
collimated beam of light passing in the z-direction through an assembly of two level 
atoms. The beam of light carries a power density P, and extends over a narrow range of 
frequencies around v21 as shown in figure 2.3. Its normalized spectral distribution £(/) 
is defined by
~r (2.2.2.1)
J  « M f = l
o
so the spectral electromagnetic energy density in the beam is
( 2 -2 -2 -2 )
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As the beam passes through the medium it will suffer net absorption, and the power loss 
is equal to the energy absorbed per second per unit volume by the atoms, hence
dP (2.2.23)
-—  = Bp(v2l)(Nl - N 2)hv21
The attenuation of the beam may be described in terms of an attenuation coefficient per 
unit length, a 12, which is defined as
Id P  B(W,-AyAv2£ (v 2I) (2.12.4)
a ‘2_ P d z ~  c
P(z) may thus be found in terms of the intensity of the incident beam, P& by integrating 
the above equation to give
P(z) = P0exp(-a12z) (22.2.5)
This equation assumes that any spontaneous emission at frequency v2i can be neglected
as being small. If the beam is to be amplified instead of absorbed by the medium, then 
the attenuation coefficient defined in equation (2.2.2 A) must be positive. The attenuation 
coefficient is now termed a gain coefficient, g/2, and may be written using the previously 
defined expression for spontaneous lifetime as
& 12 vf,tv
This parameter will only be positive when
N2>N, (2.2.2.1)




























Figure 2.4 The laser cavity
This condition is a requirement for net stimulated emission, and is known as population 
inversion, since the populations of the two states are reversed compared to the rest state. 
To achieve this condition energy must be put into the system (called pumping) to excite 
atoms into the upper energy level.
Amplification of light by stimulated emission is the first step to producing a laser, the 
second step requires that there be some form of positive feedback to turn the optical 
amplifier into a laser oscillator. The positive feedback is often provided by a pair of 
mirrors at either end of the material, forming an optical cavity. These mirrors will reflect 
the light back and forth in the cavity, and each time the light passes through the cavity 
it is amplified. The cavity has a particular set of resonant frequencies, and the radiation 
emitted from the cavity is characterised by these rather than by the continuous emission 
spectrum of the amplifying medium. The type of cavity described above is called a 
Fabry-Perot resonator and is shown in figure 2.4. Other forms of feedback have been 
developed, and these include Bragg reflectors, distributed feedback cavities, and external 
cavities.
Some form of initial stimulus must be applied in order to initiate the laser action, and 
this may be provided, for example, by spontaneous emission at the correct frequency. 
The spontaneously emitted photon travels down the cavity, causing stimulated transi­
tions, and leading to amplification of the signal. This amplified signal is "fed back" into 
the cavity by the mirrors. A steady state condition will occur when the gain provided by 
the medium is exactly equal to the losses in the cavity over a round trip. At the point at 
which this occurs the gain is said to have achieved its threshold value, and this specifies 
the minimum (threshold) value of population inversion necessary for lasing. The losses 
in the cavity arise from several sources, the most important of which include:-
1. Mirror losses. These are made up of several components:
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a) The mirrors generally transmit quite a large proportion of the incident light. 
This provides the useful light output from the device, but also constitutes a 
large proportion of the cavity loss.
b) Absorption and scattering at the mirrors, due to mirror imperfections.
c) Diffraction of light at the mirror interfaces.
2. Absorption of light in the laser medium due to energy transitions other than the 
desired transitions.
3. Scattering at optical inhomogeneities in the laser medium.
The losses from the phenomena mentioned in 2 and 3 above are distributed along the 
length of the cavity, and it is convenient to include them as a single effective loss 
parameter per unit length, Oj. The gain experienced by light in the cavity per unit length 
is therefore g12 -  aT. The threshold gain may be found by considering the round trip loss 
of light in the cavity. For a cavity of length Lc, as shown in figure 2.4, the variation in 
power along the cavity of a beam of light now becomes
The reflectances of mirrors and M2 are R2 and R2 respectively. After reflection at 
mirror Af7 the beam will have a power given by
To complete the round trip the light must again traverse the cavity, and be reflected from 
mirror M2. The net gain in power over the round trip is therefore
P(z) = P0ex p |(g 12- a r)z | (2.2.2.8)
(2.2.2.9)








Figure 2.5 (a) The laser gain curve; (b) axial cavity modes; 
(c) axial modes in the laser output.
For G less than unity the oscillations will eventually die out, whereas for G greater them 
unity the oscillations will continue to grow until gain saturation occurs. This happens 
because the gain process is limited by the rate at which carriers are supplied to the laser 
to provide the gain. The threshold condition is therefore
It is worth noting that when the laser is operating under steady state conditions, then the 
gain must always be equal to its threshold value, since the gain G may not exceed unity 
for physical situations. This implies that there is a threshold value of population inversion, 
N2 - Nj which cannot be exceeded during lasing.
2.3 Laser modes
The active material of the laser has optical gain over a range of frequencies as shown in 
figure 2.5a, which would seem to imply that the output of the laser would be a continuous 
function of frequency. However, as mentioned in the previous section, this is not the 
case, due to the cavity in which the active material is placed. The cavity only allows 
certain frequencies, called the longitudinal, or axial, laser modes to propagate.
2.3.1 Axial modes
The two mirrors at the end of the cavity form a resonant cavity in which standing wave 
patterns are set up. In a cavity of length Lc, the standing waves must satisfy the condition
G =/?,/?2exp{2(grt -cc^L,} (2.2.2.11)
where gth is the threshold gain and may be obtained from
(2.2.2.12)




where p  is an integer and n is the refractive index of the material in the cavity. The integer 
p  is generally large, and for each value of p  there is an axial mode of the cavity. The 




as illustrated in figure 2.5b. However, only those modes which are at frequencies that 
fall within the gain curve have the possibility of lasing. A possible laser spectral output 
is shown in figure 2.5c.
2.3.2 Lateral modes
The distribution of light in the laser cavity is found from the solutions of Maxwell’s 
equations for the particular waveguide formed by the laser structure. Waveguiding in 
laser structures is discussed in detail in Chapters 4 and 5, and semiconductor lasers all 
incorporate some waveguiding mechanism to confine the light to the active material. As 
with the waveguide formed in the axial direction, the solutions in the transverse 
(y-direction) and lateral (x-direction) directions only allows a set of discrete modes to 
propagate. These include the fundamental mode which has only one intensity maximum, 
and other off-axis modes which have more than one intensity maximum. Under certain 
conditions there may be sufficient gain for the off-axis modes to lase. In the laser 
structures under study in this thesis the waveguide is such that only a single transverse 
mode is guided, however more than one lateral mode may be guided and may in some 
cases lase.








Figure 2.6 Schematic diagram of a double heterostructure 
semiconductor laser
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Figure 2.7 Energy band diagram across an N-p-P double heterostructure
(a) equilibrium energy levels, (b) strongly forward biased
2.4 The semiconductor laser
The semiconductor laser is most often formed using a forward biased p-n diode structure, 
enclosed between two reflecting surfaces. A very simple laser diode structure is shown 
in figure 2.6. This shows an N-p-P double heterostructure diode, across which a voltage 
is applied via contacts to the top and bottom surfaces. The material has been cleaved 
along crystal planes to form partially reflecting front and back facets which are parallel 
with each other, providing the optical cavity. The other sidewalls have been roughened, 
to provide a waveguide structure in the lateral direction, transverse waveguiding being 
provided by the change in refractive index between the active medium and the cladding 
layers. Population inversion is achieved by injection of carriers into the active region to 
create an excess of carriers out of thermal equilibrium. It is in this region that the radiative 
recombination takes place.
The choice of materials for useful semiconductor lasers is limited to those semicon­
ductors that have a direct band gap, in order that the radiative transition is the most 
probable one. Other considerations are whether the material can be obtained in a 
sufficiently pure form, and the value of the band gap of the material, since this sets the 
wavelength of the emission. Currently the most popular material systems are those based 
on GaAs and InP.
2.4.1 Optical amplification in semiconductor material
In section 2.2.2 the ideas of population inversion and threshold conditions were intro­
duced using the simple two level atomic system. However, in the semiconductor laser 
the energy level structure is considerably more complex than in the two level system. 
Nevertheless, the ideas derived in the previous section can be applied almost exactly, 
notably there is a simple condition that can be derived for population inversion.
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Consider the forward biased N-p-P double heterostructure illustrated in figure 2.7, where 
the active region is p doped. The probability that an energy state in the conduction band 
of the active region is occupied is determined by the energy of the state, E2, relative to 
the Fermi energy of the N region, EFN. The probability, F2, is given by
„ 1 (2.4.1.1)
' 2 z) exp(£2- £ w ) /* r+ l
Likewise, for holes the probability that an energy level, Ej, in the valence band is 
unoccupied (i.e that there is a hole there) is determined by the difference between Ej and 
the Fermi energy of the P region, Epp. This probability is given by (1 - F2), where
1 (2.4.1.2)
F' ~  p( l ) "  exp(£, -  EFP)lkT +1
This is a highly non-equilibrium situation, which is shown by the fact that there are 
separate Fermi levels for electrons and holes, referred to as quasi-Fermi levels. It will 
now be shown that stimulated emission will only exceed absorption for photons whose 
energy is less than the separation of the quasi-Fermi levels. Since the photon energy 
must also be greater than the band gap energy, then at least one of the quasi-Fermi levels 
in the active region must lie outside the band gap and within the conduction or valence 
bands.
This is not possible for lightly doped p-n homojunctions, and such devices will not lase. 
It is possible for this condition to exist in a degenerately doped homojunction laser, but 
the gain is generally too low. Consequently the most effective method of achieving this 
situation is to use a heterojunction structure such as the one shown in figure 2.7(b). For 
such a structure the quasi-Fermi levels in the cladding layers fall within the band gap, 
but due to the heavy forward biasing of the junction and the high doping levels used, the 
quasi-Fermi levels are beyond the band gap edges in the active layer.
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There are four factors which will determine the rate, r12, at which electrons in an energy 
state Ej in the valence band can be excited up to an energy state E2 in the conduction 
band:
(a) The probability that the transition can occur, Bn (=B21 = B)
(b) The electromagnetic energy density at the frequency v21 = (F2 -  Ex)/h, repre­
sented as p(v21)
(c) The probability that the state Ej is occupied, F7
(d) The probability that the state E2 is unoccupied, 1 - F2 
Thus
A similar argument may be used to obtain the rate, r27, at which stimulated emission 
from level E2 to E: may occur
*^12 Fp(v2i)F|(l F2) (2.4.1.3)
r21 — Fp(v21) (1 F j)F2 (2.4.1.4)
Stimulated emission will exceed absorption when r2l > r12, that is
( 1 - F 1)F2> F 1( 1 - F 2) (2.4.1.5)
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orx> y.  In terms of the quasi-Fermi levels, this implies that, for net stimulated emission 
El - E FP>E2- E FN (2.4.1.9)
or
Eph =E2- E x< Em - E ^  (2.4.1.10)
The semiconductor material will thus act as an amplifier for radiation whose photon 
energy exceeds the band gap, but is less than the difference between the quasi-Fermi 
levels. This implies, as previously noted, that at least one of the quasi-Fermi levels must 
lie in the conduction or valence bands. The net rate of stimulated emission between the 
two levels at Ej and E2 may be written as
r„ = r21 -  r l2= B p(V 21) {(1 -  F,)F2 -  F,( 1 -  F2)} (2.4.1.11)
= Bp(v21)(F2- F ,)
and finally the spontaneous emission rate, rsp, between the two levels is 
r ^ A F ^ l - F , )  (2.4.1.12)
2.4.2 Laser structures
Initial laser designs used a simple p-n homojunction structure, but this structure has very 
limited confinement of carriers or light to the active region. Therefore, when using such 
devices very high current injection, in the range 30-100kA/cm'2, was required to achieve
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lasing. These lasers were not only extremely inefficient, but had to be both cooled and 
run in pulsed mode in order to limit the ohmic heating produced by the large currents 
used.
One of the major advances in semiconductor laser design was the use of the double 
heterostructure. Using a double heterostructure has distinct advantages in confining both 
the carriers and the optical field, and enables lasers to be produced which can operate 
continuously at room temperatures. The energy diagram of a forward biased heteros­
tructure is shown in figure 2.7, and from this it can be seen how the carriers are confined 
by potential barriers to a narrow region. The potential barriers are formed by the differing 
energy gaps of the layers forming the regions of the laser.
A second advantage in using the double heterostructure is the waveguide structure is 
formed in the transverse (y) direction by the difference between the refractive indices 
of the active and cladding layers. This confines the light to the active layer, and therefore 
a greater part of the optical field is available for interaction with the active layer carriers.
There are two main considerations in choosing the material from which the heteros­
tructure is formed. First, there must be a good lattice match between the two materials 
in order to achieve good electrical characteristics and device lifetimes, and secondly that 
the refractive indices of the materials must be such as to form a waveguiding structure. 
For the GaAs system, the heterostructure barriers are generally formed from AlxGa*_jAs, 
with a light output at about 850nm. For the InP system the active layer is Inx.1GaxAsy.1Py, 
which can be exactly lattice matched to InP to provide a range of output wavelengths 
from 1.1pm to 1.7|im, covering the important communications wavelengths of 1.3pm 
and 1.55pm
It is possible to increase the efficiency of the laser further by limiting the current spreading 
in the cladding layer, providing the greatest current injection to the area of light pro­
duction. One common method to achieve this is to use a stripe contact to the upper,
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p-type cladding layer. Provided the upper confining region is not too thick there will be 
limited current spreading in this region, and thus current (and carrier) injection into the 
active layer will be over a narrow area. The carrier injection causes a change in the 
complex refractive index which in turn leads to an optically guiding structure, although 
the waveguiding is relatively weak.
A further improvement on this structure uses not only a stripe contact, but some form 
of materially induced waveguiding in the lateral direction. The guiding structure may 
take several forms, as shown in figure 2.8. The most common structure is the ridge 
waveguide, which provides an effective index step between the region under the strip 
and the regions on either side, thus generating a waveguiding structure.
The buried heterostructure laser, some examples of which are shown in figure 2.9, takes 
the ideas of the heterostructure laser one step further. The structure uses a narrow strip 
of active material, surrounded on all sides of the cross section by cladding material. This 
provides a structure which confines carriers and light in two dimensions. Using this 
structure, very low threshold currents and high optical output powers may be obtained.
2.43  The laser as a source for optical communications systems
The lasers under consideration in this thesis are designed mainly for use as sources in 
high bit rate fibre optic optical communications systems. In a typical optical com­
munications system the light source may be a laser or an LED, and the light output may 
be directly or indirectly modulated. For short distances and bandwidths up to a few MHz 
then LEDs are often used, since they are far cheaper than lasers. However, for longer 
distance, or higher bit rate communications systems, it is necessary to use lasers. This 
is because the laser produces more power, can be modulated at higher frequencies, and 
has a much narrower optical bandwidth than an LED.































Figure 2.8 Schematic cross sections of different types of index 
guided lasers
p-InP































Figure 2.9 Schematic cross sections of different types of buried 
heterostructure lasers
There are two possible schemes of light modulation, direct modulation of the laser output 
by modulating the laser drive current, and external modulation where the laser produces 
a constant power output, and the light is modulated using a device coupled to the laser. 
External modulation has the advantage of having a basically flat frequency response, 
and is capable of on-off modulation of the light without the chirp caused by direct on-off 
modulation. However, it adds to the system complexity and therefore increases system 
cost and decreases reliability.
A typical light current characteristic for a laser is shown in figure 2.10. The figure shows 
how, by modulation of the drive current to the laser, the output light from the device 
may be modulated. Such a scheme is called direct modulation. The figure also shows 
that, as the drive current to the laser is increased, above a certain point the curve becomes 
sub-linear. This is due to a number of mechanisms. In the lasers studied in this thesis, 
the most important of these mechanisms is leakage of current around the active layer of 
the device. This leakage current does not supply carriers to the active region, and thus 
does not contribute to light production. As the drive current is increased, the proportion 
of leakage current to useful current increases, and hence the curve becomes more sub- 
linear.
A sub-linear light current characteristic will obviously have adverse effects on the 
modulation performance of the laser, causing harmonic distortion of the modulated signal 
and reducing the modulation bandwidth. A second factor affecting the laser’s modulation 
performance is its frequency characteristic. This may be obtained from the rate equations 
describing the generation and recombination of carriers and photons, which are given 
by
^ - = ^ - - - - ( a N - b ) S  (2.4.3.1)
at qv  x
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dS , ,>„r  S—  = {a N -h )S T a- -
(2.43.2)
where N  is the injected electron density, I  the total current, q the electronic charge, V the 
volume of the active region, x the spontaneous recombination lifetime, and S is the photon 
density inside the active region. is the confinement factor of the light to the active 
region, zs the photon lifetime and a and b are the gain parameters of the material.
The steady state solutions for carriers and photons, denoted N0 and S& are obtained by 
setting the left hand sides of equations (2.4.3.1) and (2.4.3.2) to zero, giving
Using equations (2.4.3.4) to (2.4.3.7) in equations (2.4.3.1) and (2.4.3.2), the small signal 
equations describing the fluctuations of carriers and photons may be written
(2.4.3.3)
(aN0- b )  = l/(Taxx) (2.4.3.4)
If the current is made up of a.c. and d.c. components, such that
(2.4.3.5)
this will give rise to a modulation of the carriers and photons given by
N = N 0+nleja* (2.4.3.6)
S =S0+slejw (2.4.3.7)
(2.4.3.8)
jco s^ a S o T ^ (2.4.3.9)
- 2 . 17-
O utput light
Drive current
Figure 2.10 A typical light current curve for a laser show ing the
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Figure 2.11 Experimental laser frequency characteristics
The frequency response, Si(co), may be obtained from the above as
-(iJaV)aSnT„ (2.4.3.10)
This shows a flat response at low frequencies, with a peak at
(2.4.3.11)
followed by a steep decline. The frequency at which this peak occurs is called the 
relaxation oscillation frequency. The first term under the square root in equation
(2.4.3.11) is dominant, so that to a first approximation
i.e. the relaxation oscillation frequency of the intrinsic laser, which is an indicator of the 
laser bandwidth, is proportional to the square root of the optical output power.
The overall laser frequency characteristic is a combination of this intrinsic laser response 
with the frequency response of the parasitic components of the laser, comprising mainly 
of spreading resistance, junction and layer capacitance, and bondwire inductance. Some 
experimental laser frequency characteristics are shown in figure 2.11.
To improve the bandwidth of the laser, the internal photon density must be increased, 
as shown by equation (2.4.3.12). This means that the leakage current in the device must 
be minimised, in order that the IL characteristic be linear at higher output powers. A 
second requirement is that the threshold current of the device be low, so that ohmic 
heating is minimised, and finally the device parasitics must be made as low as possible. 
The lasers considered in this thesis are small, thus limiting parasitics, and employ buried 
heterostructure designs, thus providing low thresholds and high power outputs. They are
(2.4.3.12)
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therefore well suited to high bandwidth applications. However, they are subject to 
possible problems of current leakage around the active layer and multi-lateral mode 
operation, which may limit the operating characteristics of the lasers, and the work of 
this thesis has been carried out in order to gain further understanding of these problems.
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CHAPTER 3: THE ELECTRICAL MODEL
3.1 Introduction
The self-consistent model presented in this thesis has been designed to examine the lasing 
characteristics of buried heterostructure lasers. The overall model can be split into two 
sub-problems, an electrical problem and an optical problem. This chapter deals with the 
model of the electrical characteristics of the device, and the following two chapters deal 
with the model of the optical properties. The electrical and optical sub-problems are 
coupled by the carrier density via the radiative recombination coefficient and the complex 
dielectric constant in the active layer, and are treated in a self-consistent fashion in chapter 
6.
In this chapter, the equations and solution techniques used in the electrical model are 
presented, and results are given showing the effect of varying the device geometry. The 
focus of the electrical model is to obtain the current distribution in the laser for a given 
cross-sectional geometry, and thus to be able to find the carrier density in the active 
region. The carrier density can then be used as an input to the optical section of the 
overall model. The optical field obtained from the optical model distorts the carrier 
distribution by locally increasing the carrier recombination rate, and must be included 
in the electrical modelling. The two models are therefore coupled in a complex fashion.
The present work is limited to buried heterostructure devices which use forward-biased 
homojunction regions either side of the active layer for current confinement. Two such 
lasers are the constricted mesa (CM) and buried ridge structure (BRS) lasers which are
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shown schematically in figures 3.1(a) and 3.1(b). Although there are slight variations 
on the basic geometry, the overall physical characteristics of both types of laser remain 
the same. These are:-
a) a stripe anode contact to the top, p-type cladding layer, and a broad area 
cathode contact to the n-type substrate.
b) lateral current confinement, achieved either by proton isolation (for 
example) in the case of the buried ridge structure laser, or by etching away 
the cladding layer material in the case of the constricted mesa laser.
c) InP p-n homojunction regions on either side of the narrow InGaAsP active 
layer.
e) highly doped n-type cladding and substrate regions.
Current spreading in buried heterostructure lasers can be a serious problem, leading to 
the leakage of current around the active layer heterojunction, with consequent subli­
nearity of the light-current characteristic and loss of differential external quantum 
efficiency. Leakage can be especially serious in lasers such as the CM and BRS lasers, 
where current confinement is by homojunction regions on either side of the active layer 
which are forward biased under the operating conditions of the laser.
In these devices, at high current injection the current spreading in the upper cladding 
region may be such that the homojunction regions have sufficient bias across them to 
enable them to become conducting. The current flowing through these homojunction 
regions will not contribute to light production, but as the current injection into the laser 
is increased, the proportion of current flowing through them increases. This in turn means 
that both the gain and the photon density at any particular drive current is less than that
achievable with perfect current and carrier confinement, and ultimately this has the effect 
of reducing the maximum achievable direct modulation bandwidth of the device, as was 
shown in chapter 2.
Although there have been previous investigations of the electrical properties of various 
lasers structures [e.g. 1-9], many of these are not applicable because they have been 
formulated for different device geometries and structures to the ones studied in this 
thesis. Of those that have been formulated for CM or BRS lasers [6-9], two papers 
consider only p-side down structures [6,7] and all ignore the effect of the lateral het­
erojunction, which blocks the lateral flow of carriers out of and into the active layer.
Two studies are noteworthy, and both are motivated by the need to look at ways of 
reducing the leakage of current around the active layer. The first of these investigations, 
by Liau and Walpole [8], uses analytical techniques, and examines the voltage dis­
tribution in the laser. The voltage spreading in the cladding layer is described in terms 
of a Schwarz-Christoffel transformation, assuming for this that there is no current leakage 
through the homojunction regions. The calculated voltage distribution is then used in a 
fairly crude fashion to determine the proportion of the homojunction region that is "turned 
on" and thus conducting. Finally, the leakage current is determined using an analytic 
expression relating the voltage to the current flowing through this part of the homo­
junction region.
The second investigation, by Amman and Thulke [9], examined the effects of current 
leakage in BRS lasers. The method used assumes a uniform active layer carrier density, 
pinned at the threshold value, and the fixed active layer voltage is calculated. The voltage 
distribution is obtained from a solution of Laplace’s equation in the p-type confining 
region. The boundary conditions for Laplace’s equation are simplified by assuming that 
the hole current through the homojunction regions can be ignored, implying that for the
- 3 . 3 -
holes all boundaries are insulating apart from the contact and active layer, which are 
held at fixed voltages. The hole and electron current densities are obtained from the 
voltage distribution thus calculated. Since the hole current through the homojunctions 
has been ignored, the proportion of the overall current flowing through the homojunctions 
is obtained by integrating the electron current over these regions.
Both of these investigations, however, ignore the effects of the lateral carrier confinement 
due to the lateral heterojunctions, and assume that in the active layer the lasing action 
clamps the carrier density at a fixed level, implying a fixed active layer voltage, and thus 
the active layer is treated as an equipotential surface. This simplifying assumption cannot 
be used in a self-consistent model, since it is the active layer carrier density that links 
the optical and electrical components of the model, and the distribution of these carriers 
has a great effect in determining the lasing characteristics of the device.
It was therefore necessary to construct a model different to those described above. The 
important considerations were to be able to determine the homojunction current, and to 
obtain the carrier density consistently with the optical field. If the current density injected 
into the active layer is known, it is possible to calculate the active layer carrier density 
from the carrier diffusion equation. In the past, several authors [2,6-8] have used con- 
formal mapping techniques to obtain the current spreading in the cladding layers, whereas 
others [4,5] have used simplifying approximations to obtain analytic expressions. 
However, this thesis deals with buried heterostructure devices, in which carrier con­
finement in the active region is in two dimensions, and with devices which incorporate 
lateral insulating boundaries, so that it is necessary to examine the current spreading 
problem in two dimensions, and the above mentioned simplifying techniques cannot be 
used.
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There are two main lines of approach which have been taken by other authors when 
tackling the two dimensional current and carrier problems self-consistendy with the 
optical field problem [10-13]. The first [10-12] is to obtain a solution of Poisson’s 
equation and the current continuity equations for electrons and holes. From these sol­
utions, the active layer carrier densities are obtained. This approach suffers from the fact 
that, due to the number of equations that must be solved, it is very slow to converge even 
for the case of a reverse biased junction. Solution of Poisson’s equations for heavily 
forward biased junctions, which are used in semiconductor lasers, is fraught with 
numerical complexities and questions over convergence and singularity of solution [ 14].
A second approach to the problem [ 13] is to assume that the cladding layer is electrically 
neutral (the junction depletion region is ignored), and that Laplace’s equation may 
therefore be applied subject to appropriate boundary conditions at the edges of the region. 
The solution of Laplace’s equation gives the voltage distribution, and this is directly 
related to the current distribution via the material resistivity. Knowledge of the current 
distribution then allows calculation of the current injected into the active layer, and from 
the active layer current and optical field distribution (obtained elsewhere) the active layer 
carrier density may be found from the carrier diffusion equation. This approach also 
allows calculation of the current injected into any other region. The Laplace equation 
method has been applied to other laser geometries by several other authors [1-3,13] and 
is the approach that has been taken in this thesis.
3.2 The model
The physical laser structures to be modelled, the CM and BRS devices, are shown 
schematically in figures 3.1(a) and (b). A stripe contact is made to the top p-type InP 
layer and a broad area contact to the n-type substrate. The active layer is completely















Figure 3.1 Schematic diagrams of (a) the constricted mesa laser 





Figure 3.2 Schematic diagram of the structure to be modelled
buried by InP material. The BRS laser is formed by growth of p-type material over a 
non-planar region consisting of the n-type cladding layer and active region. The CM 
laser is fabricated from an ’as-grown’ double heterostructure wafer. In this case the 
material at the sides of the active region is grown by mass-transport [8], or by vapour 
phase epitaxy [15], and may not have exactly the same crystal structure as the wafer 
material [16].
The exact nature and location of the p-n homojunction formed by the regrown InP of 
the CM laser is therefore unknown, although both experiment [16], and to some extent 
theory [6-8], suggests that the I-V characteristics resemble those of a normal p-n InP/InP 
abrupt junction. In contrast, the material composition of the BRS laser is closely con­
trolled and known during growth. The junction for both devices is assumed to be abrupt 
and located just below the plane at y=d (see figure 3.2).
For the laser to have a usable characteristic, the leakage current must be limited to a 
small percentage of the overall current This implies that the homojunction current must 
be limited, at most, to a few mA and the homojunction regions are therefore operating 
in the low injection regime. In this model the homojunction regions are represented by 
a series of closely spaced discrete diodes, each having identical characteristics. In the 
low injection regime the carrier density may be described by the Boltzmann approxi­
mation, and this is used to obtain the diode characteristics.
In the active region, the Boltzmann approximation may no longer be used, due to the 
very high carrier concentrations. The lasing action at the heterojunction pins the carrier 
density near to its threshold value, and the carrier density is determined by the generation 
and recombination of carriers. The active region is very thin, and the variation of carriers 
across the depth of the active layer is invariably ignored. It is assumed that the variation 
of carriers in the longitudinal direction may also be averaged over, and the distribution
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of carriers in the active region can therefore be described by a one dimensional diffusion 
equation operating in the lateral direction [17]. From the carrier concentrations, the 
quasi-Fermi level separations can be calculated, and thus the voltage distribution across 
the active layer found.
The lasers have a broad area cathode contact to the heavily doped n-type substrate, and 
in common with others [1-9,11-13] the assumption is made that the current spreading 
and voltage drop in the n-type layers is negligible, and thus the substrate and passive 
n-type layer are replaced in the model by an earth plane. The top contact is assumed to 
be ideal, such that the contact and any (heavily doped) capping layers may be assumed 
to be an equipotential surface.
The two structures to be modelled are basically similar, and the BRS laser may be 
considered to be a CM laser with full width regrown region and a 90° mesa angle. The 
equations derived in the following section are therefore equally applicable to both laser 
structures if the appropriate boundary conditions are used. The simplified structure used 
in the electrical model is shown in figure 3.2. The active layer has a thickness, r, and 
width A. The regrown region has width R, and the contact width is C. The upper cladding 
depth is d , and the mesa angle a . A cartesian coordinate system is adopted with the origin 
at the centre of the top contact.
3.3 Theory
In the electrically neutral p-type upper cladding region, the current spreading problem 
is related to the voltage spreading by the conductivity, a, of the region, such that
J(jc#y) = -oVV(jc,y) (3.3.1)
where J(x,y) is the current density at any point in the cladding region. In the heavily 
p-doped upper cladding region the conductivity is related to the electronic charge, q, the 
hole mobility [Lp and the p-type doping density p0 by
where the effect of the minority carriers is ignored in comparison to the majority carriers. 
The upper cladding layer is taken to be homogeneous and passive, and thus the two 
dimensional potential distribution is given by a solution of Laplace’s equation
subject to the boundary conditions at the edges of the region. There are broadly four 
different types of boundary conditions; (i) equipotential surfaces, i.e. the contacts, and 
those representing (ii) the insulating boundaries, (iii) the homojunction boundaries, and 
(iv) the heterojunction boundary. The total current injected into the device may be 
obtained by integrating the current density injected across the contact, or equivalently 
by integrating the current flowing through any plane parallel to the contact (e.g. the 
heterojunction/homojunction boundary).
The boundary conditions at all of the boundaries are related to the current flowing across 
them, and thus to the derivative of the voltage. At the insulating boundaries the condition 
is for zero current flow, i.e.
(3.3.2)
v2vu,y ) = 0 (3.3.3)
J(x,y).n  = 0 (3.3.4)
where n is the unit vector in the direction perpendicular to the interface.
The homojunction regions are modelled by a row of InP/InP p-n homojunction diodes, 
each of which is assumed to have an abrupt junction, and to operate in the low injection
regime. Under these conditions, the carrier density is adequately described by Boltzmann 
statistics, and the current density injected into any point on the homojunction boundary 
may be obtained from the Shockley equation [18]
In the above equations Dn and L„, Dp and Lp are the electron and hole diffusivity and 
effective diffusion length respectively, n, is the intrinsic carrier concentration, T| is the 
ideality factor, k is the Boltzmann constant and T the temperature. p 0 is the p-type doping 
level in the upper cladding region, and n0 is the doping level in the lower cladding region.
At the heterojunction boundary, the boundary conditions are somewhat more complex 
than at either the insulating or the homojunction boundaries. The carrier density at the 
active layer cannot be described in terms of Boltzmann statistics (as was the case for the 
homojunction regions) because, under lasing conditions, the carrier density is too high. 
The boundary conditions here may be found from considering the properties of the 
semiconductor material. The carrier continuity equations for electrons, n, and holes, /?, 
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where G and U are the generation rate and recombination rate respectively, and the 
electron and hole current densities are given by the equations
Jn = q\innE + qDnWn (3.3.8a)
JP = W p P E -q D p V p  (3.3.8b)
Here, E  is the electric field. If charge neutrality holds approximately, such that 
n + N a ~ p  +Nd, (where Na is the number of ionised acceptor impurities and Nd the 
number of ionised donor impurities) and if the electrons and holes are generated and 
recombine in pairs, with no trapping or other effects, then the recombination and 
generation rates for electrons and holes are identical. Combining these relationships and 
limiting the solution to the steady state, one obtains the equations
G -  U + iLnE V n+ \lnrtVE +D„V2n = 0  (3.3.9a)
G - U - \ l pEV p - \i.ppV E  + DpV2p  = 0 (3.3.9b)
Multiplying (3.3.9a) by \ipp  and (3.3.9b) by |i„n and combining with the Einstein relation 
D  = (kT/q)p. gives, after some rearrangement
Dy n + G -  EVn  = U (33 -10)
n/\i,+p/\iH
where Da is called the ambipolar diffusion coefficient, and is defined as
D n + p  (3.3.11)
nlDp+plDn
Equation (3.3.10) is called the ambipolar diffusion equation. In the active layer the 
generation of carriers is described by G=J(x)/qt, where J(x) is the current injected into
the active region and t the active layer thickness. The variation of carriers in the 
longitudinal and transverse directions can be averaged over, and thus the diffusion 
equation is limited to the lateral direction only. Neglecting the active layer electric field, 
the equation may be written
_  d 2n (x) J  U .  (x,d)  „  _  „     (3.3.12)
A  — j~ T  + -------—-------= R Snm ( n )  +  R Spo»(n )  +  R NR (« )
where the terms on the right hand side of the equation represent the recombination of 
carriers due to stimulated, spontaneous and non-radiative processes.
In the above derivation of equation (3.3.12) the active layer electric field has been 
neglected. Whilst this greatly simplifies the equation because the electric field does not 
need to be calculated, it is not a valid assumption in the active layer of a semiconductor 
laser. However, it has been shown by Joyce [17] that this term can indeed be neglected 
if an effective value of the diffusion constant is used in place of the ambipolar diffusion 
coefficient
Under conditions where the voltage drop in the substrate can be neglected, Joyce shows 
that the electric field in the active layer is such that, whilst holes are transported in the 
active layer under the effects of both drift and diffusion, the movement is identical to 
that of pure diffusion. For devices fabricated on n-type substrates, the effective diffusion 
coefficient lies near to the electron diffusion coefficient, whereas for p-substrates it is 
near to the value of the hole diffusion coefficient It is thus possible to apply the simplified 
equation to account for both drift and diffusion of carriers for devices based on either n 
or p doped substrates, as long as the effective diffusion coefficient De replaces Da.
At the edges of the active region, lateral heterojunctions are formed. The voltage across 
these lateral heterojunctions is insufficient to cause them to become conducting, and
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thus equation (3.3.12) must be solved subject to the boundary conditions of zero lateral 
carrier flow, i.e. dn/dx = 0 U=±a/2 where A is the active layer width. The solution of this 
equation in the presence of an optical field is considered in chapter 6.
Assuming complete ionisation of impurity atoms, and ignoring the effect of minority 
carriers, the hole concentration, p(x), for an active layer with a p-type doping of pa is 
given by
p(x) = n(x) + pa (3.3.13)
The electron and hole concentrations set the quasi-Fermi level separation, and from 
knowledge of these quasi-Fermi levels it is possible to calculate the active layer voltage 
distribution. The quasi-Fermi levels for electrons, Fc, and for holes, Fv, are determined 
by the expressions
£ ( x ) - E c(x)kT n{x)Nc (3.3.14)
1/2
Ev( x ) - F v(x) 
kT
p(x) (3.3.15)
where Fi/2[(()] is the Fermi integral, Ec and Ev are the energies of the conduction and
valence band edges in the active region, and Nc and Nv the conduction and valence band 
density of states in the active layer. The solution of the Fermi integral is found using an 
approximate analytic expansion [19]. For electrons this is given by
Fc( x ) - E c(x) = k T in' n ix )N
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The values of the constants Klt K2, K3 are given in table 1. The potential difference across 
the active region may thus be found from the electron and hole densities and the bandgap, 
Eg, of the material, as
1 (3.3.18)
V(x, d) = -  [(Fc - Ec) + (Ev -  Fv) + Eg]
3.4 Solution
The above system of equations describes the electrical model used in this thesis. This 
electrical model is used to obtain the current density injected into the active layer, which 
can then be used to determine the active layer carrier density distribution. The equations 
describing the boundary conditions at the hetero- and homo- junction interfaces are 
non-linear in nature. Due to the complexity of the series of equations a numerical solution 
technique is required, and it was decided to use the method of finite differences. This 
method is simpler to implement than the other commonly used solution technique, the 
finite element method, and it has been shown that for the similar case of the twin stripe 
laser [3] the method of solution (finite difference or finite element) has no effect on the 
results.
The upper cladding region and boundaries were discretised into a rectangular mesh, and 
finite difference forms of the equations were written describing the voltage at each node 
of the grid. Due to the left-right symmetry, only half the device, the left half, is modelled 
in the electrical solution, and equations are only given here for this half. A non-uniform 
mesh was used in the solution, such that the grid size was smaller near critical boundaries,
in order to improve the accuracy of the solution (see section 3.5). However, to derive 
the equations for such a mesh adds complexity without aiding understanding, and so the 
finite difference equations are derived here assuming a regular rectangular mesh.
3.4.1 Internal nodes
For an interior node in the cladding region, as shown in figure 3.3a, Laplace’s equation 
(3.3.3) may be written in finite difference form, using the standard five node central 
difference expansion, as
V ( p - l , q )  + V( j>+hq)-2V(p ,q)  (3.4.1.1)
hi
t V ( p , q - l )  + V(p,q + l ) - 2 V ( p tq) _ Q
where V(p,q) is the voltage at node (p,q) in the mesh, hx is the mesh spacing in the x 
direction and hy is the mesh spacing in the y direction. This equation has an error of the 
order h2. The equation may be rearranged to give the voltage at the pq^ node in terms 
of the voltages at the surrounding nodes
1 hlh) V ( p - l , q )  + V(p + l tq) t V (p ,g -1 )  + V(p,g + 1) (3.4.1.2)
3.4.2 Insulating boundaries
The voltage at nodes lying on the insulating boundaries must satisfy equation (3.3.4). 
The most general case is that of nodes located on the sloping mesa boundary, which is 
shown in figure 3.3b. Here, the boundary lies at an angle a  to the horizontal. The boundary 
condition that must be satisfied is that the component of current perpendicular to the
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interface must be zero. One means of imposing this boundary condition is to extend the 
mesh past the boundary to produce an imaginary set of nodes outside the region of 
interest The boundary condition can then be considered to imply that the currents flowing 
normally into the boundary on either side are equal in magnitude, and the voltage at the 
node (p,q) can be written in terms of the internal and external nodes as
laser is grown. This is because the mesa is most often formed from the double 
heterostructure wafer using a wet etchant which cuts along the crystal planes. Thus for 
a laser with the stripe oriented along the (011) plane, the mesa angle is 53° [8], whereas 
for a laser with the stripe parallel to the (Oil) plane, the mesa angle will be 40° [20]. 
The sensitivity of the solution to mesa angle is considered in Appendix 1, and it is shown 
that for possible mesa angles found in practice, the solution is fairly insensitive to angle, 
and thus an angle of 45° is chosen for all CM laser simulations presented in the body of 
this thesis. This choice of angle is made because it is close to both possible mesa angles, 
and it simplifies calculations (since sin(a) = cos(a)), thus enabling a more rapid solution 




For the mesa sidewalls, the angle is fixed by the crystallographic direction in which the
V{p -  1 ,q) + V(p,q - I )  = V(p + 1 ,q) + V(pfq + 1) ( 3 .4 . 2 .3 )
which is satisfied (c.f. Appendix 1) for
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Figure 3.3 The node patterns, (a) An interior node, showing the numbering 
scheme (b) a node on the left hand sloping boundary (c) a node on the 
horizontal boundary (d) the bottom left hand comer node
(3)
✓/s✓
Figure 3.4 This L shaped region is symmetric about the dotted line 
and thus the voltage distribution would be unaltered by assuming 
that the dotted line is a current blocking boundary. This allows an 
easy visualisation of the equation for the bottom left hand comer 
node.
V(p,* + l) = V ( p - l f*) (3.4.2.4)
V(p + l ,q)  = V( j> ,q- l )  (3A2.5)
Thus the finite difference Laplace equation for a point lying on a left-sloping boundary 
may be written in terms of the internal nodes as
V(p,q  + l ) - 2  V(p,q)+V(p  + 1 ,q)  (3.4.2.6)
hi
( V{p9q + \ ) -2 V { p ,q )+ V { p  + \ ,q)
The voltage at the node (p,q) on the left-sloping boundary is therefore
2 r 2l K h
v(p><i)=-x.2 , . 22h l+ h
V(p,q  + 1) + V(p + 1 ,q) + V(p + l ,q)  + V(p,q + 1)
hi h
C3.4.2.7)
For a vertical sidewall (a  = 90°) or a horizontal sidewall (a  = 0°) the situation is
somewhat simplified. For the case of a horizontal insulating boundary (which occurs at 
the mesa base outside the heterojunction/homojunction region) it can be seen that the 
boundary condition becomes
V(p,q + l) = V ( p , q - l )  (3.4.2.8)
For the horizontal boundaries (figure 3.3c), the node at (p,q+l) lies outside the boundary, 
and thus Laplace’s equation on this boundary may be written in terms of the inside nodes
V(p + l , q ) - 2 V ( p ,q )  + V(p - \ ,q )  | 2 V ( p , q - l ) - 2 V ( p , q ) _ Q (3.4.2.9)
K  h
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The voltage at a node on the horizontal insulating boundaries can therefore be written 
as
1 h 2xh 2y \  V<j> + l ,q)  + V ( p - l , q )  | 2 V ( p , q - \ ) (3.4.2.10)
V { p ,q ) = -
Similar equations exist for the top facing horizontal boundaries and vertical sidewalls 
found in the BRS laser.
The final type of boundary point on the insulating boundaries is the point at the bottom 
left mesa comer, shown in figure 3.3d. For the bottom comer it is initially difficult to
region. Consider the L-shaped region shown in figure 3.4. The dotted boundary lies at 
45° to the horizontal, the regions marked (1) and (2) have voltages V1 and V2 applied to 
them, and the regions marked (3) are subject to the boundary condition of zero current 
flow across them. Due to the symmetry of the region, there will be no current flow across 
the dotted boundary, so the region could be separated into two by an insulating boundary 
along this line without affecting the voltage distribution. For the comer node of the 
L-shaped region, the boundary condition is of zero current flow along the line given by 
the dotted arrow, and the boundary condition can thus be written
see how an equation may be obtained, since only two of the five nodes are inside the
V(p -  1 ,q) + V(p,q  -  1 ) = V(p + 1 ,q) + V(p,q + 1) (3.4.2.11)
Laplace’s equation may then be written for this point as
V{p + l ,q ) -2 V (p ,q )+ V (p ,q  -  1) 
hi
(3.4.2.12)
V(p + l , q ) - 2 V ( p ,q )  + V ( p , q - l ) _ 0 
hi
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Now, since the region can be split into two separate regions along the dotted line without 
altering the voltage distribution, and since therefore V(p+l,q)=V(p,q-l), the equation 
for a left hand comer node of the separated region may be written
2V(j> + l , q ) - 2 V ( p ,q )  2V{p + l , q ) - 2 V ( p ,q )  
h] h]
(3.4.2.13)
This situation is analogous to that of the CM laser bottom left hand comer node, and the 
voltage may thus be calculated as
3 .43  The homojunction boundary
The nodes which lie on the heterojunction and homojunction boundaries are subject to 
non-linear boundary conditions on the current flow, which is determined from the voltage 
distribution by equation (3.3.1). At the homojunction interface, the current injected into 
the homojunction is obtained from equation (3.3.5) as






- a —  = —o
V ( p , q - 1 ) - V ( p , q  + 1)
2 hy
qV{p ,q j \ . 
T] kT J  .
(3.4.3.2)
Thus, Laplace’s equation may be written for a node on the homojunction boundary as
( V ( p - l , q ) - 2 V ( p , q )  + V{p + \ ,q ) \ ( 2 V ( p , q - l ) - 2 V ( p , q j \






- 1 =  0
or








V ( p - l , g )  + V(p+ !,<?) t 2V ( /? ,^ - l )
hi hi
3.4.4 The heterojunction boundary
At the heterojunction boundary the current density injected into the active region 
becomes a source term in the carrier diffusion equation (3.3.12). If the optical field 
distribution is known, this equation can be solved, and the solution technique for this 
equation will be presented in chapter 6. This chapter, however, is concerned with the 
non self-consistent electrical model. Consequently, it is assumed that a good estimate 
of the carrier distribution is available, either as an initial guess, or from a previous iteration 
of the self-consistent model.
The problem at the heterojunction boundary is therefore reduced to simply obtaining the 
active layer voltage distribution from the carrier distribution. This is achieved by use of 
the analytic expression of equation (3.3.18), applying the results of equations (3.3.13-17), 
at every point on the heterojunction boundary.
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3.4.5 Solution technique
The system of finite difference equations presented in sections 3.4.1 to 3.4.4 will define 
the voltage distribution in the passive upper cladding region for a given active layer 
carrier distribution and applied voltage. The electrical solution is, in effect, the solution 
of Laplace’s equation over a region, subject to non-linear boundary conditions at the 
edges of that region. During the solution of Laplace’s equation, the carrier density dis­
tribution is not re-calculated. The first step in the solution is to assume an active layer 
carrier density distribution, or, in the overall model, to use the carrier distribution from 
the previous iteration, and calculate the active layer voltage that this implies using the 
methods of section 3.4.4.
Once the voltage distribution across the active layer has been obtained, all the boundary 
conditions at the edges of the cladding region are specified, and it is therefore possible 
to solve Laplace’s equation. Because of the non-linear boundary conditions, the overall 
system of equations is non-linear. For nodes not lying on the heterojunction/homo­
junction boundary the chosen method of solution is the method of Successive 
Over-Relaxation (SOR).
This is an iterative technique, which means that computer storage requirements are 
minimised, at the expense of speed of solution. The method can, however, still provide 
a rapid solution provided a good initial estimate of the voltage distribution is available. 
In the overall self-consistent model, this is often the case, since the voltage distribution 
from the previous iteration of the model can be used as an initial estimate for the present 
SOR solution. According to the SOR technique, a better estimate of the value of the 
voltage at any node on the mesh at the ( k + l f1 iteration, V +1(p,q), can be obtained from 
its previous value on the k® iteration, Vk{ p ,q \  as
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(3.4.5.1)
Vl{p + \ ,q )  + Vk( p - \ , q )  [ Vl(pJq + \) + Vt(j>,q-V)
h i  ^
}
where the constant Q is called the over-relaxation parameter which takes a value in the
range 1 to 2 which gives the fastest solution. The equation is modified according to the 
principles outlined in section 3.4.2 for nodes lying on the insulating boundaries. Q is 
chosen manually, by carrying out a number of trial computer runs.
For nodes lying on the passive/homojunction boundary the Newton-Raphson method is 
used to handle the non-linear boundary condition. This method states that i f f iV)  is a 
function of V, and /  (V) is its derivative with respect to V, then a better estimate of the 
roots of the equation^ V) = 0 can be obtained from the previous value at the kA iteration,
V\ as





V ( p - l , q )  +  V( p +  l , q )  2 V ( p , q - l )
hl
and
( 3 .4 . 5 .4 )
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Since the method is iterative, the solution is required to converge to within a pre-defined 
tolerance. The convergence criterion is
I I  V“+l( p , q ) - V k(p ,q)\  < Tol (3.4.5.5)
P.9
i.e. the sum of the absolute values of the difference of the previous and current iterations 
at all nodes is less than a tolerance. The value of the tolerance parameter is chosen, along 
with the grid size, to provide a rapid and sufficiently accurate solution. Convergence 
was not found to be a problem, provided that the value of Q was chosen carefully. The 
optimum value of £2 depends on the geometry of the structure and the number of nodes 
used, but for good convergence with the structures studied, the value lay in the range of 
1.8 to 1.95. Within this range, a solution could always be obtained for the structures 
studied, but by optimization of the value (by trial and error) the speed of solution could 
be increased by almost an order of magnitude.
3.5 Tolerance and mesh size calculations
The equations presented in the section 3.4 have been derived, for simplicity, assuming 
a constant mesh spacing in the vertical and horizontal directions. However, to use such 
a grid in practice would require an extremely large number of mesh points. This is because 
the error in the solution of a five point finite difference expansion is related to the square 
of the mesh size, and the fourth derivative of the function (in this case the voltage dis­
tribution). Near to discontinuities, the fourth derivative can become large, and thus the 
error increases. The boundary conditions for the Laplace equation solution contain 
several discontinuities, and the mesh size near these should be made small. Although a 
uniform mesh could be used to meet these requirements, this would require an excessive
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number of mesh points where the solution was not changing rapidly. It was therefore 
necessary to use a non-uniform mesh, the design of the mesh depending on the specific 
situation.
Mesh design was manual, the criteria for accepting a certain mesh being that the 
calculated input and output current were within a specified tolerance (taken to be less 
than 1%) and that when the mesh size was doubled the calculated input current and 
homojunction and heterojunction output currents changed by less than the tolerance. 
This generally required approximately 40 mesh points in the horizontal direction and 20 
mesh points in the vertical direction for a laser 2pm deep and 6|im wide (only half of 
the width is modelled).
The tolerance value for the convergence of the Laplace equation solution was chosen 
by taking a value and reducing it successively until the input and output currents changed 
by less than 1 %. The problem of mesh design and tolerance are linked, so it is not possible 
to specify the exact value of the tolerance to meet the above criterion, but it was generally 
of the order of KT*.
3.6 Investigation of leakage current
The results presented in this section are for a laser with nominal parameters given in 
table 1. Results are presented for both the BRS and, where applicable, the CM laser. 
With the CM laser, the mesa angle is fixed by the crystal structure of the InP, and therefore 
the device depth and width are not independent. Also, since contact is made to the whole 
of the top of the mesa, it is not possible to vary the contact width without varying the 
device width. In those cases where a parameter cannot be varied independently com­
parison of results is of little value, and so results are not presented for the CM laser for 
varying the contact width, device width and depth.
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II
One of the aspects of the BRS and CM lasers of interest is the leakage of current around 
the active layer. However, unless the current leakage is very high indeed (rendering the 
laser useless in a practical sense) then no appreciable leakage occurs until the laser is 
above threshold. The electrical model as presented in the above sections is only valid 
above threshold when the stimulated recombination term in the carrier diffusion equation 
is known, and this may only be found satisfactorily by a self-consistent model. Therefore, 
in order to model the above threshold electrical characteristics using the non self-con­
sistent electrical model, it is necessary to make some assumptions about the laser 
behaviour.
It is well known that the active layer carrier density above threshold is clamped to near 
its threshold value due to the lasing action. If the threshold current of the device were 
known, then it would be possible to calculate the carrier density in the active layer from 
the carrier diffusion equation (3.3.12), assuming that at threshold the stimulated 
recombination could be neglected. However, with a purely electrical model there is no 
way of predicting device threshold.
For the rest of this chapter it has therefore been necessary to make what in the past has 
been a common assumption in leakage current calculations [6-9], that the carrier density 
is pinned at its threshold value, and that the carrier density is uniform throughout the 
active layer. This then allows above threshold leakage current calculations, using the 
model as presented in section 3.4. The nominal value of threshold carrier density is taken 
as 2xl018cm'3, which corresponds closely with values calculated from experimental 
results, and has been used in other leakage current calculations [6].
3.6.1 Current distribution
Figures 3.5 and 3.6 show the variation of the injected current density across the acti­
ve/homojunction plane of the nominal BRS and CM lasers for increasing levels of drive 
current. The figures show that the majority of current flows through the active region, 
with the (leakage) current density at the homojunction regions several orders of 
magnitude less than that in the active region. It is also clear from the figures that there 
are many similarities in the pattern of current density between the BRS and CM lasers.
The main features of the two graphs are a high current density across the active region, 
increasing towards the edge of the region. The current density then falls dramatically as 
the homojunction region is encountered, but increases along the width of the homo­
junction region. The increase in current density at the edge of the active region is less 
significant in the CM laser. It can also be seen that as the injected current is increased, 
the current density through the homojunction regions increases at a greater rate than the 
current density through the active layer.
For all values of injected current the leakage current is slightly lower in proportion to 
the active layer current in the CM laser compared to the BRS device. The differences in 
current distribution between the two lasers are entirely attributable to the difference in 
cladding layer geometry, all other aspects of the model are identical. This lower leakage 
current is seen to varying degrees in all the comparisons between BRS and CM lasers 
in this section, and it therefore seems that the trapezoidal shape of the CM cladding layer 
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3.6.2 The effect of carrier density
There is some uncertainty in the experimentally obtained values for the active layer 
carrier density, and changes in device geometry will effect the value of the carrier density 
at which lasing might be expected to take place. It is therefore necessary to examine the 
effect on the electrical model of changes in carrier density. Experimental studies have 
shown that it is reasonable to expect the carrier density to vary between 1.8 and 2.8xl018, 
and the effect of this variation is shown for the BRS laser in figure 3.7 and for the CM 
laser in figure 3.8.
The figures show that the leakage current increases almost exponentially with hetero­
junction current, although at higher levels of heterojunction current the relationship, 
which is shown in the figure on a logarithmic scale, becomes slightly sub-linear due to 
the effects of current spreading in the devices. It can be seen that although the carrier 
density has an effect on the leakage current, increasing the carrier density merely scales 
the leakage current by a fixed factor, i.e. the leakage increases as ek, where k is a constant 
However, at high values of carrier density and heterojunction current the relationship is 
slightly less clear, and the sub-linearity of the curves is increased.
Whereas it can be seen that the actual value of the leakage current is altered by the active 
layer carrier density, the trend remains the same for all of the values of carrier density 
studied. This may be expected, since the active layer voltage distribution changes only 
by a small amount with the expected values of carrier density variation.
The figures show that, even at a heterojunction current of 100mA, the leakage current 
is only a few percent of the total. It can also be seen that, at low values of heterojunction 
current, the results for the CM and BRS lasers are almost identical. However, at higher
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heterojunction currents the leakage current is slightly lower in CM lasers, as was noted 
in the above section. This effect is a direct result of the different cladding layer geometries 
between the two devices.
3.6.3 The effect of contact stripe width
The effect on the leakage current in BRS lasers of altering the contact stripe width is 
shown in figure 3.9. The results are presented in two forms. Figure 3.9(a) shows the 
homojunction current, which in this model is considered to be the only contribution to 
the total leakage current, plotted against the heterojunction current (which is that pro­
portion of the total current which contributes to light production). Figure 3.9(b) shows 
the rate of change in total drive current with drive voltage plotted against drive current, 
the I-dV/dl characteristic.
This graph is particularly useful since it can be obtained directly from experimental I-V 
characteristics. A change in slope in the I-dV/dl characteristic signifies a change in device 
resistance. The devices studied in this thesis incorporate forward biased homojunction 
regions, and a simple explanation for changes in device resistance may be found by 
considering the effects of these regions. Whilst the homojunction regions are not con­
ducting there is only a single current path available, and any change in device resistance, 
which will be very slight, must be caused by alterations in the pattern of current spreading. 
The "turn on" of the homojunction regions provides a second, parallel current path 
through which the current may flow, by-passing the active region, and thus causing a 
change in the overall device resistance. Therefore a change in slope of the I-dV/dl 
characteristic may be taken as an indicator of the tum-on of the homojunction regions.
It can be seen from figure 3.9(a) that a narrower contact stripe width leads to a lower 
leakage current, although the effect is small. This effect can also be seen in figure 3.9(b).
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At a stripe width of 1.0pm a slight change in slope of the characteristic can be detected 
at around 80mA, and this change in slope occurs at lower drive currents for wider contact 
widths. This indicates, as does figure 3.9(a), that the homojunction region is "turned on" 
at lower and lower drive currents as the contact width is increased.
The effect can be understood by considering the current spreading in the device. If the 
contact is narrower than the actual active layer width, then current is injected into the 
device directly above the active layer. For current to flow through the homojunction 
region, it must first spread out into the cladding layer. On the other hand, a contact wider 
than the active region will inject current above the homojunction region as well as the 
active region. It is therefore to be expected that the greater the stripe width, the greater 
the leakage current.
3.6.4 The effect of device geometry
The basic device geometry can be altered in several ways. In this section, the effects on 
the leakage current of changing device width and depth, and active region and regrown 
region widths are investigated. Figure 3.10(a) shows that the effect on the leakage current 
of altering the device width is strong, as would be expected. Figure 3.10(b) shows that, 
for devices of width greater than about 4pm, the point at which the homojunction regions 
become turned on does not alter significantly. The increased homojunction leakage 
current seen in figure 3.10(a) is therefore mainly due to the increased homojunction 
width in the wider devices.
Again, the exponential relationship between heterojunction and homojunction current 
seen in figure 3.10(a) appears to break down at high injection currents. The effect is
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most obvious at device widths greater than 8jim. It is to be expected that this proportional 
relationship would break down at greater device widths, due to the effects of current 
spreading in the device.
The effect of varying the device depth (i.e. the depth of the upper cladding layer) is 
shown in figure 3.11, which shows that the shallower the device, the lower the leakage 
current This may again be explained in terms of the current spreading in the cladding 
region. In a shallower device there is less current spreading to the homojunction regions, 
and consequently less homojunction current.
The I-dV/dl characteristics of figure 3.11(b) show a lower initial value (indicating a 
lower device resistance) for shallow devices. The characteristics also show that, as the 
depth is decreased, the drive current at which the homojunction regions become turned 
on is increased, and by using a very shallow cladding layer the homojunctions do not 
become turned on even for heterojunction currents of 100mA. There is, however, a 
practical lower limit to the device depth of around ljjm which is set by the vertical optical 
field distribution in the laser.
The range of variation of the active region width is also set by the laser operating 
requirements. It is generally desirable to confine the laser to a single lateral mode, with 
the widest possible active region. Widths of 1 to 2 |xm are routinely used. The effect on 
the homojunction current of altering the active region width is very strong, as can be 
seen in figures 3.12 for the BRS laser and 3.13 for the CM device. By decreasing the 
active region width whilst maintaining the same device width, the effective homojunction 
region width is increased, and the position of the homojunction relative to the stripe 
contact is also changed. Decreasing the active region width therefore has a similar effect 
to simultaneously increasing the contact stripe and homojunction region widths.
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It can be seen from the figures that a wide active region width is desirable from an 
electrical viewpoint, although this will be shown in chapter 6 to have a serious effect on 
the optical characteristics. Due to the current spreading, the homojunction regions 
become turned on at lower drive currents for narrower active widths, as shown in figures 
3.12(b) and 3.13(b). Also, as seen previously, the exponential relationship between 
leakage and heterojunction current breaks down at high current injection for narrow 
device widths, indicating the effects of current spreading in the cladding region.
In the CM laser the active layer is etched away to the desired width using a selective wet 
chemical etch, and then buried in InP material that is regrown by mass transport or vapour 
phase epitaxy. The growth process for these lasers is described in detail in chapter 7. 
The width of the regrown homojunction region may be controlled by altering the length 
of the growth period. Although it is not possible to do this with the standard BRS laser 
shown in figure 3.1 (b), lasers fabricated using the same techniques as for the CM devices, 
but having rectangular upper cladding layers have been produced. With these devices, 
which will be termed BRS lasers here due to theirrectangular cladding layer cross section, 
it is also possible to vary the regrown width.
The effects of altering the width of the regrown region of the BRS and CM lasers are 
shown in figures 3.14 and 3.15. As might be expected, decreasing the width of the 
regrown region has the desirable effect of decreasing the leakage current This is due to 
the fact that there is less area over which current leakage can take place, and therefore 
less leakage current may flow. It would appear that reducing the regrown region width 
to zero would eliminate the leakage current entirely. However, there is a lower limit 
placed on the width of the regrown region of around 0.5|im by two considerations. First, 
and most importantly, the InP is regrown to protect the active layer, and too thin a regrown
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region can cause premature device failure [21]. Secondly, if the regrown region is too 
thin then this has an effect on the optical properties of the waveguide foimed by the 
active region, as will be demonstrated in chapter 5.
3.6.5 The effect of doping density
The effect of altering the cladding layer doping density is demonstrated in figures 3.16 
and 3.17. These show that there is a very large (three orders of magnitude) change in 
leakage current for an increase in doping level from 6xl017 to 2xl018. It can also be seen, 
from figures 3.16(b) and 3.17(b), that the homojunction regions do not become turned 
on within the range of current shown for doping densities greater than 1018.
The cladding layer doping density has two effects on the parameters in the model. The 
first of these is to alter the conductivity of the region, the greater the doping density the 
greater the conductivity, and this alters the pattern of current spreading in the cladding 
region. The second effect is on the saturation current of the homojunction region, Jsat. 
This decreases with increasing doping density, thus decreasing the current flowing 
though the homojunction regions.
3.7 Discussion
It has be seen that both the CM and BRS lasers have very similar characteristics, as is 
to be expected due to their similar construction. However, the leakage current predicted 
by the non-self consistent electrical model is higher in the case of the BRS laser, indicating 
that the sloping mesa sidewalls of the CM device have a beneficial effect on the voltage 
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The parameters that have the greatest effect on the leakage current are the doping level 
and the regrown and active region widths, followed by the device width and depth. The 
contract stripe width has little effect It would therefore benefit the device manufacturer 
to fabricate devices with wide active layers, narrow regrown layers and high cladding 
layer doping densities, and to make narrow and shallow devices. This has been noted 
by other authors, and the historical trend has been to fabricate smaller and higher doped 
devices, following on from experimental and theoretical studies [8,9].
The electrical model presented in this chapter is the first step in the overall self-consistent 
model. From the current distribution in the laser it is possible to calculate the active layer 
carrier density, and therefore to obtain the waveguiding properties of the device. Finally, 
it is worth noting the close comparison between the results presented here and those 
obtained by Amman and Thulke [9] who have also studied the effects of leakage currents 
in the BRS laser.
The results presented in this chapter have assumed that in buried heterostructure lasers 
above threshold, the carrier density in the active layer is clamped at its threshold value, 
and it has been assumed that this value is uniform across the active layer. This assumption 
has been common in modelling the electrical characteristics of buried heterostructure 
lasers, however it will be shown in chapter 6 that this is not the case, and the carrier 
profile is affected by spatial hole burning and the high current injection at the active 
layer edges. The results have also assumed one value of carrier density, however it was 
shown that the actual value of carrier density, which will alter with device geometry, 
has a scaling effect on the leakage current. The results presented in this section are 
therefore only useful in predicting general trends, and a self-consistent approach will be 
required to obtain actual values.
Parameter Value Units
Electrical 300 c m V 1^ 1
model T1 1.0




Dimensions W 6.0 pm
(see c 2.0 pm





a  (BRS) 90°
a  (CM) 45°
Table 1. Parameters used in the electrical model
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CHAPTER 4: OPTICAL WAVEGUIDES
4.1 Introduction
In order to be able to model the physical operation of the semiconductor laser, an 
understanding of the propagation of light constrained by a dielectric waveguide is 
required. The subject of waveguiding and propagation of light has been extensively 
studied, and is covered in several books [e.g. 1-7]. This chapter will only focus on the 
basics of propagation and waveguiding for one dimensional dielectric waveguides. The 
next chapter deals with the more realistic case of two dimensional guides, and explains 
the method used in the self-consistent model to solve for the guided modes of such a 
waveguide.
All lasers incorporate some form of waveguiding. With semiconductor lasers this is due 
to a change in the dielectric permittivity of the semiconductor material forming the 
device. For the double heterojunction structure, as discussed in chapter 2, the waveguide 
in the transverse direction is provided by the different dielectric constants of the materials 
forming the heterojunction. In the lateral direction light is guided either by a change in 
the imaginary part of the dielectric constant (gain guiding), or by a change in the real 
dielectric constant (index guiding) provided by a change of material in the lateral 
direction, or by a combination of both processes.
This chapter explains some of the basic optical theory that has been used in the analysis 
of the lasers considered in this thesis. It begins by deriving some fundamental rela­
tionships from Maxwell’s equations. The wave equation is derived and solutions obtained 
for lossless and conducting media, showing how the propagation constant and gain/loss 
of the material are linked. The characteristic solutions of a one dimensional three-layer
slab waveguide are obtained and the modal cut-off conditions discussed. The differences 
between TE and TM modes are presented, and finally the power flow and confinement 
factor are examined.
4.2 Maxwell’s equations
Light is part of the electromagnetic spectrum, and as such the distribution of an optical 
field is described by Maxwell’s equations, which set out the relationships governing 
electric and magnetic fields. These equations are given below, where the bar symbol is 
used to denote a vector
In the above equations E  is the electric field vector, H  is the magnetic field vector, D
is the electric displacement vector, B is the magnetic flux density, J  is the current density, 
p is the charge density, e is the dielectric constant, p. the magnetic permeability, and 
finally a  is the conductivity. The materials considered in this thesis are non-magnetic,
V x £ = - BB
Bt
(4.2.1)
V i)= p (4.2.2)
(4.2.3)
V ^ = 0 (4.2.4)
The ancillary equations are written
B = \iH (4.2.5)
J  = oE (4.2.6)
D = eE (4.2.7)
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and so the permeability may be replaced with the permeability of free space. The 
materials are also considered source free, with p equal to zero, so equations (4.2.2) an
(4.2.5) become
V i)= 0 (4.2.8)
(4.2.9)
4.3 The wave equation
This chapter is concerned with the propagation of light, and thus solutions of Maxwell’s 
equations are sought which define the electric and magnetic field components, E and 
H , of the propagating field. Combining equations (4.2.1) and (4.2.9) one may obtain
Applying the curl operator to equation (4.3.1) gives
(4.3.2)
If an arbitrary vector A is given, a standard result in vector algebra states that
V x (V xA) = V (V A )- V*A (4.3.3)
and by applying this result to equation (4.3.2) it can be seen that
V (V .£)-V Z£
(4.3.4)
The first term in this expression is V(V.£). Substituting equation (4.2.7) into (4.2.8)
V.eE = 0 (4.3.5)
In an homogeneous medium, e is uniform, and so this term becomes eV.£ = 0, which
implies that the first term in expression (4.3.4) is zero. Using this result, and substituting
(4.2.3) into (4.3.4) gives the following result
& D  37 <4-3-6)V £  = Mo— +Mo-
Finally, substituting the ancillary equations (4.2.6) and (4.2.7) into this result and 
assuming that the conductivity is independent of time, the wave equation is obtained
32£  3E (4-3-7)
M°e3rr+M°adr
To arrive at this result a source free, homogeneous medium has been assumed. There is 
a corresponding wave equation that may be derived for the magnetic field. Solutions to 
the wave equation show the distribution of the electric (magnetic) field over space and 
time. If the space dependence is assumed to be time independent, and thus the space and 
time dependence are separable, then one may write, for the electric field
E(r,t) = E(r)T(t) (4-3-8)
Assuming a harmonic variation of E  with respect to time, the solution for T(t) is
T(t) = expO'cor) and substituting this into equation (4.3.7) one obtains the time inde­
pendent wave equation
V2£(r) = -co2n0e£(r)+jcoM<,a£(r) (4-3-9)
Again there is a corresponding wave equation for the magnetic field. Much of the rest 
of this chapter is concerned with the implications of this important result. It is worthwhile 
to examine the solutions of this equation under two often encountered special conditions,
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unguided propagation in a lossless medium (an idealised case) and unguided propagation 
in a partially conducting medium. In the following two sections only the electric field 
is considered, but the analysis is equally applicable to the magnetic field.
4.3.1 Propagation in a lossless medium
Although light propagating in any real medium will experience loss, for practical pur­
poses many media can be considered lossless, the most important cases in optics being 
free space propagation and propagation in passive waveguides. For the lossless case the 
conductivity is zero, i.e. a  = 0, and the medium is considered to have a dielectric per­
mittivity relative to that of free space given by er, so e = Eoer, where £<> is the permittivity 
of free space. Under these conditions the time independent wave equation (4.3.9) may 
be written
To simplify the solution the field is assumed to propagate in the z-direction only, and to 
be polarised with a single electric field component, Er  such that E(r) -  (0,£y,0). This 
gives the one dimensional scalar wave equation
VJI ( r )  = -tD2n0e0er£ (r) (4.3.1.1)
d %
- f  = -co2n0e„er£
dz
(4.3.1.2)
which has a general solution of the form
Ey - A  exp(—y p z ) + £  ex p (/p z ) (4.3.1.3)
where z is the direction of propagation and p is the propagation constant of the unguided 
wave, defined as
Now the velocity of light in a vacuum, c, is given by c = 1/a/m^o, so (3 can be written as
|3 = (co/c) 'fe= kn (4.3.1.5)
The term is called the refractive index, and is often given the symbol n, and the wave
vector A: = co/c is defined such that for propagation in a uniform losslessdielectric medium 
P = An. In the special case of free space propagation er is unity and P = k. The actual, 
physical, solution of the wave equation, including the time dependence but considering 
only the forward propagating solution, can thus be written
4.3.2 Propagation in a conducting medium
There are often cases when a medium cannot be considered lossless, for example light 
propagating in a semiconductor waveguide may be subject to scattering and absorption 
losses, or in the case of a laser the medium of propagation may have gain. It is thus 
necessary to consider the case when a  has a non-zero value. Again, a medium of dielectric 
constant er, and an electric field polarised in the y  direction are assumed. Where the 
analysis differs from the previous case is that the last term in the time independent wave 
equation (4.3.9) is no longer zero. The one dimensional time independent wave equation 
may thus be written
If the two terms on the right hand side are combined, one may write, with reference to
Ey(r, t) =Aexp\j(tot -  Pz)] (4.3.1.6)




d %  .
— T  = -®v<fr£Ey 
az
(4.3.2.2)
where e is a complex variable defined as
e = e , - j v£oCO j
(4.3.2.3)
The solution to equation (4.3.2.2) is similar to that of equation (4.3.1.2), except that the 
propagation constant P is complex, and given by
P = cn/ofe (4.3.2.4)
The refractive index is defined, as in the previous section, as the square root of the 
dielectric constant, and the complex refractive index n is written
n = *\/e~= n + jK
so that, from (4.3.2.3)
z = n - K 2





where n and K  are the real and imaginary parts of the refractive index respectively, and 
K  is called the extinction coefficient p may thus be written as
P = k(n + jK ) 
such that
(4.3.2.8)
Re(p) = kn (4.3.2.9)
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Im($) = kK (4.3.2.10)
Thus the solution of equation (4.3.2.2), including the time dependence, can be written 
(with reference to equation (4.3.1.6))
Ey =A  exp(/(cor -  pz)) (4.3.2.11)
or
Ey = exp{Im(p)z}Aexp{j(G)t -/te(p)z)} (4.3.2.12)
Comparing this to equation (4.3.1.6) it is seen that the solutions for the lossless and 
conducting cases differ by the factor exp{/m(P)z}. Now, using equations (4.3.2.7) and 
(4.3.2.10), 7m(p) is given by
Im (p) = -a/(2e0a i ) (4.3.2.13)
and thus it is proportional to a. If a  is zero, the lossless case, (4.3.2.12) and (4.3.1.6) are 
equal as would be expected. If a  is positive then Im (p) is negative, and the solution for 
Ey is a decaying travelling wave. This means that the material is absorptive. However, 
if ct is negative then the solution is a growing wave and the material has gain (and is 
called an active material).
A standard technique for measuring the gain or loss of a material is to shine a beam of 
light into the material and measure the intensity of the light some point in the material. 
The intensity of the light will vary exponentially along the material, and the material 
loss or gain can then be described in terms of the absorption (gain) coefficient, a  of this 
exponential. The intensity of the light is related to the square of the field, and so the 
intensity at any point on the z-axis relative to a reference point at z = 0 is given by
|£ ,( 2 ) |2 = |£ ,(0 ) |2exp(-OK) (4.3.2.14)
Comparing this with equation (4.3.2.12) it is easy to show that
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a  = -2/m(p) (4.3.2.15)
From equation (4.3.2.14) it can be seen that if a  is positive then the medium is lossy,
and if negative then the medium has gain. It can therefore be seen, from equation 
(4.3.2.15), that the sign of the imaginary part of the propagation constant determines 
whether the guide has loss or gain, and it’s value determines the magnitude of the loss 
(gain). Thus, if Im(p) is known, one can determine whether a laser is above or below 
threshold by comparing this term to the losses experienced by the light in the cavity.
Finally, from equations (4.3.2.5) to (4.3.2.10) it can be seen that the imaginary part of 
the refractive index is directly related to the gain of the medium, whereas the imaginary 
part of the permittivity is related to the gain via the real part of the refractive index. 
Therefore if a medium has gain, this gain has a direct effect on the refractive index and 
a more indirect effect on the permittivity.
4.4 The three layer slab waveguide
So far the propagation of light in media of infinite extent has been considered. With all 
lasers, confining structures are used to guide the light generated, and thus an under­
standing of such structures is required for modelling. It is instructive to consider the 
three-layer dielectric waveguide, as shown in figure 4.1. Although such a simple one 
dimensional guide structure is not directly used in semiconductor laser devices, the 
principles involved can be applied to more complex guide geometries, as will be shown 
in the next chapter. The three layer guide is taken to be infinite in the y-direction, such 
that d/dy = 0.
There are only a limited number of solutions to the wave equation which any particular 
waveguide will support, and these are called the modes. The modes of the slab waveguide 
may be classified by the polarisation of their constituent fields as either TE or TM modes.
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TE modes, or transverse electric modes, do not have a component of electric field in the 
direction of wave propagation, whereas TM or transverse magnetic modes do not have 
a longitudinal magnetic field component.
4.4.1 Guided modes - TE
The assumption that dldy = 0 implies that in the chosen co-ordinate system the only
non-zero field components of the TE modes are Eyt Hx and Hv E  and H  can thus be 
written
where a , b and c are unit vectors along the x, y, and z directions respectively. If these
equations are substituted into equation (4.3.1) and the components of like vectors 
equated, the following equations are obtained
E - E yb (4.4.1.1a)




For convenience in writing the equations, the time and z- dependence of the fields, 
exp {j (cm -  pz)}, will be omitted, since this factor is common to all field quantities. 
Equation (4.4.1.2) may then be simplified to obtain
j  dEy
Hz = - - r L z Mo© dx
(4.4.1.3b)
Therefore, once the electric field component Ey has been obtained, the magnetic field 
components can be directly calculated from the above relations. The time independent 
wave equation (4.3.9) may be re-written using the work of section 4.3 and relationships 
that have already been defined for k and n as
VzE + k ln rE = 0 (4.4.1.4)
For the three layer slab waveguide, infinite in the y-direction and with a TE mode 
propagating in the z-direction, this equation reduces to
# E y 22  d2 (4.4.1.5)
- ^ f + ( "  * - P X = o
which is often called the one dimensional scalar Helmholtz equation. This relationship 
holds for each region of the waveguide, so that for the three layer slab guide, shown in 
figure 4.1, the individual equations for the different regions become
32£ y3 2 2 o2 (4.4.1.6a)
p r + (n%k - P )£y3 = 0 x > 0
?fE (4.4.1.6b)
— f + ( n jJitJ - p 2) £ , i= 0 0 Z x > - d
u X
? E yl 2 2 o2 (4.4.1.6c)
- ^  + ( ^ k 2- f , 2)Eyl = Q x < - d
For propagating modes, there are three physically possible types of field distribution 
which satisfy these equations, and these are shown in figure 4.2. The first case, at the 
top of the diagram, shows a guided mode, with the field decaying exponentially in either 
direction, and the field sinusoidal in the guiding region. This case occurs when
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n n
x = -d x = 0
Figure 4.1 The three layer dielectric waveguide
Figure 4.2 The three guided solutions. (1) shows a guided mode,
(2) shows a ’substrate radiation’ mode, an (3) shows a 
radiation mode.
nl >^fk >fi2 >ny The second case shows a mode sinusoidal in the guiding region and 
also in the positive ^ -direction, but exponential in the -ve x  direction. This is often referred 
to as a substrate radiation mode, and occurs when n2 > PIk > n3. The final case is for 
n3 > p/k > 0  and shows a radiation mode, with the field sinusoidal in all regions, and the 
energy radiating from the guiding region.
Solutions to equations (4.4.1.6) are sought which are guided modes, i.e. solutions for 
which the Ey component vanishes at* = ±©o. The solutions must also satisfy the boundary 
conditions of continuity of the tangential E  and H  fields at the two dielectric interfaces 
at x  = 0 and x  = -d. Thus Ey and / / zmust be continuous at the interfaces. These conditions 
lead to the solutions
A exp(-8 x)
A cos Kx +B  sinicc
(A cos Kd -  B sin Kcf)exp[y(x + </)]
x > 0 (4.4.1.7)
0  > x > - d  
x  <—d
where
8 2 = p2 -  k 2n% (4.4.1.8a)
K2 = k 2rii — p2 (4.4.1.8b)
y2 = p2 -  k 2n% (4.4.1.8c)
It can be seen from these relationships that the ^ component satisfies the one dimensional 
Helmholtz equation, (4.4.1.5), and is also continuous at the dielectric interfaces. The Hz 
component may be obtained from equations (4.4.1.7) and (4.4.1.3b) as follows
5A exp(-Sx)
Hz = -v/C0|io 1 k(A sin kx -  B cos Kx)
.-y(A cos Kd -  B  sin Kd) exp[y(x + J)]
x - °  (4.4.1.9)
0  >x > —d
x £ - d
Unlike equation (4.4.1.7) the equation for Hz does not, in itself, satisfy the continuity 
condition at the dielectric boundaries at x  = 0 and x  = -d. Imposing these conditions the 
following equations are obtained
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SA + kB =0 (4.4.1.10a)
[Ksin(Ktf) -  ycos(Ktf )]A +  [kcos(kJ ) + ysin(iQ/)]B = 0 (4.4.1.10b)
These two equations may be solved simultaneously to yield the solution
8[K cos(K ^)+ ysin(K J)] -K [K sin (K ^)-ycos(K tf)] = 0 (4.4.1.11)
which may be written in a more useful form
tan Ktf = K(y+ 8 )/(k2 -  78 ) (4.4.1.12)
Recalling the definitions of 8,k  and y  (equation (4.4.1.8)) it can be seen that the above 
eigenvalue equation defines the allowed values of P for which the one dimensional wave
a guide supports, and the propagation constants for each of these modes.
4.4.2 Guided modes - TM
For TM modes, the analysis is basically similar to that for TE modes. Indeed, in the 
general case, the derivation is identical. The field components for a TM mode are Hy, 
Ex and Ev so that from Maxwell’s equations, and assuming a time and z-dependence for 
all field components of exp\j (cor -  Pz)], the electric field may be found from the magnetic 
field (c.f. equation (4.4.1.3)) as





The difference between the equations for the electric field (4.4.2.1) and for the magnetic 
field (4.4.1.3) lies in the fact that whilst |io is constant over all regions of the waveguide, 
£o£r is different for the three regions, and this must be taken into account in the boundary 
conditions for TM modes. Again, solutions are sought which are guided modes, so
A exp(-Sx)
A  cos ice +B  sinicx 
XA cos Kd -  B  sin Kd)  exp[y(jc + */)] ,
x > 0  (4.4.2.2)
0 > x > - d  
x  < - d
If the derivation for the TE modes is followed, taking into account the change of er across 
the guide, the following eigenvalue equation is obtained
tan(Ktf) =  n 12K(n32y +  n 28)/(n2/z2 K2 -  nfyS) (4.4.2.3)
4 .43  Gain guiding
It was shown in section 4.3.2 that if the material in which the light is propagating has 
either loss or gain, then the refractive index of the material will be complex. In the 
previous two sections, however, it has been tacitly assumed that the waveguide medium 
is lossless, and that the waveguiding has therefore been caused by changes in the real 
part of the refractive index. It is also possible to have waveguiding in media whose real 
refractive index is the same, with the guiding action produced by changes in the imaginary 
part of the refractive index. Consider a medium with gain sandwiched between two layers 
with loss, with all three having the same real refractive index. In this case one may 
intuitively recognise that the central layer is more transparent and will thus guide an 
electromagnetic wave.
The theory that has been developed in the previous two sections is still valid for the 
complex case, if it is understood that all relevant parameters become complex. In par­
ticular the refractive index is complex, and in layer i of the waveguide it takes the form
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ni = (ni + j K i) (4.4.3.1)
Consider, for simplicity, a three layer symmetric waveguide, i.e. n2 = n3. There are four
may be listed as
(a) nx > n2; Kx > K2
(b) nx > n2; Kx < K2
(c) nx <n^ Kx> K2
(d) nx < n2; Kx < K2
All of these possibilities will support guided modes [7], however not all of these modes 
will be stable solutions, i.e. solutions which are unaffected by perturbation. It can be 
shown [1] that a necessary, but not sufficient, condition for stability of guided modes 
propagating in material with loss or gain is that
From this inequality several possibilities for stable guided modes can occur, and are 
listed as:-
(i) Kj = K2: In this special case equation (4.4.3.2) now reads n2 > n2, which is the 
previously stated condition for real index guiding
(ii) n1 = n2: Equation (4.4.3.2) now reads Kj > K2, which implies that there is a gain 
maximum in the central guiding region.
(iii) If nx = n2+An where An «  nx,n2 and AK = KX- K 2 then equation (4.4.3.2) becomes
possible combinations for the real refractive indices and extinction coefficients, which
nxKx— /i2^ T2> 0 (4.4.3.2)
(4.4.3.3)
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This is a particularly interesting case, since it shows that either gain guided or index 
guided modes may be stable even in the presence of anti-guidance due to the opposite 
effect, providing the guiding action is strong enough. This may be the case in 
semiconductor lasers, where the presence of carriers in the active layer depresses the 
real part of the refractive index but gives rise to gain in the active layer. In the waveguides 
considered in this thesis the real index guiding is strong, and so the question of instability 
of the solution does not arise.
defined as knx > p > kn2 ^  kn3. We may define a frequency co at which kn2 = P (k = co/c) 
and thus y becomes zero. The field in the outer dielectric regions is therefore no longer 
a decaying exponential, as seen in figure 4.2, and the mode is no longer guided. The 
cut-off condition for a mode is therefore that
If this condition is put into the eigenvalue equation for TE modes (4.4.1.12) the following 
equation may be obtained
4.4.4 Cut off
The cut off point for a mode is defined as the point at which that mode is no longer 
confined by the waveguide. For a guided wave, the relationship between the indices is
$ = kn2 (4.4.4.1)
tanv = yja - 1 (4.4.4.2)




The parameter a is often referred to as the asymmetry parameter, and for asymmetrical 
guides a > 1. The relationship between a and v is shown in figure 4.3. It can be seen that
propagates, i.e. the lowest order mode is cut-off. The number of modes such an 
asymmetric guide will support for a given v is
to the range 0 to rc/2.
For symmetrical structures, a -  1, and the cut-off condition, equation (4.4.4.2), becomes 
tanv = 0. This is satisfied for v = 0,7t,27t, etc., and it can be seen from figure 4.3 that 
there is no cut-off value of v for the lowest order mode. The cut-off value of v for the 
mft transverse mode is thus v = (m -  l)7t. The number of modes supported by the sym­
metrical structure for a given v is
For TM modes, the cut-off condition, P = kr^ reduces the eigenvalue equation (4.4.2.3) 
to
and the number of TM modes a three layer slab waveguide may support is therefore
for a > 1 there is a minimum value of v, v ' = tan-1 - 1  below which no mode
C4.4.4.5)
where In is the integer truncation function of the term in braces, and tan 1 is restricted
(4.4.4.6)
tan v = n f /n ^ a  - 1 (4.4.4.7)
(4.4.4.8)
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again, for symmetrical guides a = 1, and there is no cut-off value for the zero order mode.
4.4.5 Calculation of p for the symmetrical guide
The propagation constant of a mode is an important parameter for lasers, as was explained 
in section 4.3.2. This section describes how p may be obtained from the eigenvalue 
equations (4.4.1.12), (4.4.2.3) for the TE and TM modes of the three-layer symmetrical 
guide. The same principles may be applied to the asymmetric guide, but for the sym­
metrical guide the calculation of the propagation constant p is simplified by the fact that 
n2 = n3, ie 8 = y. The eigenvalue equation for TE modes may be written
tan Kd = 2icy
(4.4.5.1)
K2 —f
This may be re-written, by use of the double-angle formula
tanQ oi/2) 2y/K 
1 -  tan2(xtf/2) 1 -  (y/K):
(4.4.5.2)
which may then be re-arranged as a quadratic
tan2(Krf/2) +  {1 -  (y/K)2} tan(io //2) - 1 = 0 (4.4.5.3)






These equations give the even (4.4.5.4a), and odd (4.4.5.4b) modes of the symmetrical 








Figure 4.3 Relationship between the asymmetry parameter, a, and the
normalised guide width, v, showing the cut-off conditions for 
the first and second modes. A waveguide geometry defined 
by a point to the right of each curve implies that the mode can 
propagate in the guide.
Figure
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4.4 Plot of eigenvalue equations for even and odd TE modes
k 2d 2+ f d 2 =  (fil -  n l )k 2d 2 = v2 (4.4.5.S)
Equations (4.4.5.4) and (4.4.5.5) represent two equations in two unknowns, and may be 
solved simultaneously to obtain k  and y, and thus p  may be found from (4.4.1.8). Equation
(4.4.5.5) is the equation of a circle of radius v, and the solutions for the even order modes 
involve the intersection of this circle with equation (4.4.5.4a). The solutions for the odd 
order modes are found from the intersection of the circle and equation (4.4.5.4b). A 
graphical solution is shown in figure 4.4.
It can be seen from the figure that, at low values of v, 0 < v < 7t, the curves only intersect
at one point, and thus only one mode exists. Point A on the diagram is an example of 
such a point. The mode represented by this point is the first TE mode, and is designated 
TE0. For this mode the parameter k  lies within the boundaries
0<Kd <n  (4.4.5.6)
and the mode has no zero crossings in the guiding region of the slab 0 < x < - d .
If v is increased, such that n < v < 2tt, two intersections are obtained, e.g. points B and
C, corresponding to two confined modes. B corresponds to Kd < 7t, and thus defines the 
propagation constant of the TE0 mode. C, however, lies in the region
7t < Kii < 27t (4.4.5.7)
The mode corresponding to this point has one zero crossing, and is called the TEj mode.
Both of these modes correspond to the same value of v, which means that for fixed guide
parameters, n and d, they correspond to the same frequency. Therefore, both modes may 
be excited simultaneously by the same input field, or may lase simultaneously at the 
same frequency. The TEq mode, however, corresponds to a greater value of y, and is
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therefore more highly confined, and has a larger value of p (from equation (4.4.1.8b)) 
than any higher order mode. It can be seen that, as v is increased in steps of 7t, an increasing 
number of modes are allowed to propagate.
Again, the situation is very similar for TM modes. For a symmetrical guide, the eigen­
value may be written, with reference to (4.4.5.1), as
2(n2 k) (tify) (4.4.5.8)
tan\cd -   —
(n2K) -  (nfy)
The corresponding equations to (4.4.5.4) may then be written
, 2 yd  (4.4.5.9a)
tan(iaf/2) = (n,/n^)^—
,  ,  yd  (4.4.5.9b)
cot(Krf/2) =  -(nlV J)J-7
Kd
Now nl/n2 > 1, and therefore the solution for y for the TM modes is less than that for the
TE modes. This in turn implies that < prc. One consequence of this which is relevant 
to lasers is that the TM mode has less gain than the TE mode, since gain = 2Imp, and 
the TM mode is also less well confined to the region of interest, therefore lasing generally 
occurs in the TE, and not the TM, mode.
Whilst a graphical method enables easy visualisation of the solutions, for numerical 
calculations of the values of Kand ya different approach is required. One such alternative 
method is to derive the eigenvalue equation, (4.4.1.12), in terms of the normalised fre­
quency v, and the normalised propagation constant b, which is defined as
( t y k f - n l  (4.4.5.9)
^  ~  2 2 n { - n 2
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Using the definitions of b and v, the eigenvalue equation (4.4.1.12) may be written, with 
some rearranging
t a n ( v > / l  —b) =
b (4.4.5.10)
(1 - * )
or
W l - b  = tan 1 \ f -------
- V  (1  - b l
(4.4.5.11)
+ mn
where m = 1, 2, 3, etc is the mode number. This equation is relatively easy to solve 
numerically using, for example, a Newton-Raphson approach.
4.4.6 Power flow and confinement factor
The time averaged power flow, P , is given by the integral across the guide of the z 
component of the Poynting vector Sz
where PC indicates the complex conjugate of H. For TE modes it is simple to show that 
Sz is given by
(4.4.6.1)
(4.4.6.2)
and, by use of the complex conjugate of equation (4.4.1.3a)
Thus the total time averaged power of the mode is given by
P =
2poW
/• ooJ > , l ’ dx (4.4.6.4)
The power may be calculated by splitting the integral over the three different dielectric 
regions, and solving in each region. Denoting the power in each region as P, (i'=l,2,3) 
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An important parameter in lasers is the confinement factor, T, which is defined for each
region of the waveguide as the fraction of the total power confined to that region. In a 
laser it is important to know the fraction of the power confined to the active region, since 
this fraction of the power interacts with the carriers and produces stimulated emission. 
The confinement factor is defined as
r = j o
Ey l1 dx
(4.4.6.8)
dxI > ' 3
which may be written, for the three layer slab waveguide, as
r=
(4.4.6.9)
Pl +P2 + P3
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4.5 Discussion
This chapter has examined optical fields and waveguiding in one dimensional guides, 
using the three layer guide as an example. The wave equation was derived from Max­
well’ s equations, and it was shown that propagation in conducting and lossless media 
may be considered in the same way, the only difference being that for the conducting 
case a complex propagation constant and refractive index are used. It was shown that 
the imaginary part of the propagation constant is directly related to the intensity loss or 
gain of the optical medium, and how this may be used to determine if a laser is above 
or below threshold.
The three layer slab waveguide was considered as an example of a one dimensional 
guide, and the eigenvalue equation derived for the modes. The modal cut-off point was 
established, and the solutions for p found in terms of the guide parameters and the fre­
quency of the propagating field. The power of a mode was calculated, and thus the 
confinement factor was explained.
The chapter has mainly considered TE polarised modes. This is because TM polarised 
modes have a lower value of y, and thus a lower value of p. This implies that the TM 
modes have a lower gain, and thus a semiconductor laser would require a greater pumping 
current to lase in a TM mode. Therefore, as can be experimentally verified, most 
semiconductor lasers are TE polarised. The general features of TM modes are the same 
as discussed here for TE modes.
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Chapter 5: THE WAVEGUIDE MODEL
5.1 Introduction
In the previous chapter the propagation of light in one dimensional dielectric waveguides 
was studied in detail. It was seen that if the waveguide has loss or gain then this implies 
that the refractive index, and thus the propagation constant, is complex. General methods 
were presented to obtain the value of this propagation constant for a three layer dielectric 
waveguide. In this chapter, it will be shown how the work of chapter 4 can be extended 
to two dimensional guides with complex dielectric constants, and a model the optical 
characteristics of buried heterostructure lasers will be developed.
All physically realisable dielectric waveguiding structures are three dimensional. 
However, it is often possible to reduce the problem of the solution of the wave equation 
to two dimensions, by assuming a sinusoidally varying field propagating along the 
longitudinal (z-) axis of the waveguide. This approximation was made in the previous 
chapter, where it was also assumed that the waveguide was invariant and infinite in 
extent in the transverse (y-) dimension, and thus the wave equation was reduced to one 
dimension. However, in semiconductor laser structures the dielectric constant often 
varies in both the transverse and lateral directions, and the two dimensional nature of 
the waveguide must be taken into account
Whilst it is simple to formulate analytic equations to describe the three layer slab guide, 
and possible to extend this analysis to multi-layer one dimensional guides, an analytic 
solution is not possible for even the simplest two dimensional rectangular dielectric 
waveguide. This is due to the fact that it is not possible for an analytic solution to satisfy
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all the boundary conditions for the E and H  fields sustained by the guide. It is therefore 
necessaiy to use numerical methods or approximate analytic techniques to obtain a 
solution.
One of the basic requirements for lasing action is that the medium inside the optical 
cavity in which the light propagates must have gain. This means, as shown in chapter 4, 
that the propagation constant will be complex. In a semiconductor laser the optical gain 
is provided by the stimulated recombination of charge carriers, which generates photons 
in the cavity. Therefore, the permittivity of the active medium is related to the carrier 
density, via the gain parameters of the material. If the carrier distribution is known then 
the waveguiding properties of the laser can be found. However, to calculate the carrier 
density using the carrier diffusion equation, the optical field profile is required in the 
stimulated recombination term.
From the above statements, and the work of the previous chapters, it is apparent that the 
relationship of the refractive index to the carrier density in the active region means that 
the electrical and optical problems are coupled. The waveguide model must therefore 
include not only include the two dimensional nature of the waveguide, but also the effect 
of the carriers. Further, for all lasing modes the propagation constants (to determine the 
gain) and field distributions (to enable the calculation of the carrier density) must be 
found.
There are several methods of solving for the modes of two dimensional optical wave­
guides, perhaps the most commonly used is the Effective Index (El) method [1] which 
is described in section 5.3. However, in the present work the chosen solution technique 
is the recently proposed Weighted Index [WI] method [2], which is described in section 
5.4. The reasons for the selection of the WI over the El method are (i) the improved 
accuracy of solution obtained from the WI method, and (ii) the difficulty of implementing
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the El method for the waveguide formed by the constricted mesa laser, where the outer 
waveguide regions are cut-off. The method of solution is discussed in section 5.5, and 
results are presented showing the effect of the guide geometry on the first and second 
modes.
The presence of carriers in the active layer alters both the real and complex parts of the 
dielectric constant However, the Weighted Index method as presented in reference [2] 
and derived in section 5.4, cannot be applied to waveguides of complex permittivity. 
The reasons for this, and the derivation of the Weighted Index method in complex 
waveguides, are presented in section 5.6. Finally, results are given for the solution of 
the wave equation in guides of complex permittivity, showing that the effect of increasing 
the carrier density is to increase the gain of the guided modes, whilst the effect on the 
real part of the permittivity is relatively small.
5.2 Two dimensional waveguides
For a simple one dimensional dielectric waveguide, the light may be considered as being 
polarised in either TE or TM polarisations. However, this is no longer true for two 
dimensional rectangular dielectric waveguides. In this case the modes are hybrid (having 
both TE and TM components), but essentially TEM polarised, i.e. the axial components 
of the electric and magnetic fields are very much less than the transverse components. 
However, if it is assumed that the refractive index step between the core and the cladding 
layers is small, then the solutions can be classified approximately as either TE or TM. 
This chapter is concerned with the solutions for lasing modes, and therefore is constrained 
to TE-like modes for reasons presented in section 4.4.
Many methods have been used to solve the wave equation in rectangular dielectric 
waveguides and some of these are reviewed in references [3] and [4]. The difference
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between the methods lies in the assumptions made, and the choice of method is usually 
determined by the required accuracy of the solution. Currently, the most accurate method 
of solution is generally considered to be the Vector Finite Element method [5]. 
Unfortunately, as might be expected, there is a trade off between the accuracy of the 
solution and the time taken to obtain it.
In this thesis the self-consistent modelling of laser diodes is considered. As will be seen 
in Chapter 6, the method of solution is iterative, requiring many iterations of the optical 
model for an optical solution, and several iterations of the overall model to converge to 
a final solution. For this reason a rapid solution to the waveguide problem is required. 
However, the accuracy of solution is also important, since the gain or loss of a mode is 
determined directly from the propagation constant, and this parameter therefore defines 
whether or not a mode is lasing. A further consideration in the model is the need to 
accurately calculate the optical field and propagation constant for all guided modes of 
the waveguide, even those near to cut-off.
Several approximate and rapid solution techniques are available. Probably the most 
frequently used of these is the Effective Index method [1] which is explained in the 
following section. A second method, the Weighted Index method, has been proposed 
recently as a rapid and accurate method [2], being more accurate [6] and only slightly 
slower than the El method. This method is described in section 5.4, and it’s extension 
to the case of complex permittivity is given in section 5.6. Both methods rely on 
describing a two-dimensional guide in terms of one dimensional equations.
5.3 The Effective Index method
The El method was first derived for the case of an optical waveguide by Knox and 
Toulios [1]. The main importance of the method lies not in the accuracy of the solution
-5.4-
obtained (however this is often surprisingly accurate considering the bold assumptions 
made), but in the simplicity and speed of calculation; the method requires only a few 
solutions of the one dimensional wave equation, the number depending on the waveguide 
geometry. Because of this it has been widely adopted and applied to a vast range of 
optical waveguiding structures, including those of complex permittivity.
The principle of the El method is illustrated in figure 5.1 for a the case of a rectangular 
waveguide. The guide of figure 5.1(a) is a buried ridge guide, with a core region of 
refractive index nx surrounded by cladding material of index n2. It is assumed that the 
wave is well confined to the core and that the field decays exponentially in the cladding 
regions. The dielectric permittivity e(x,y) is assumed to vary slowly in the lateral x  
direction compared to its variation in the transverse y  direction.
The basis of the method is that, if the above assumptions are valid, the two dimensional 
waveguide of figure 5.1(a) can be thought of as equivalent to the two one dimensional 
slab waveguides shown in figures 5.1(b) and 5.1(c). The wave equation is first solved 
in the waveguide of figure 5.1(b), and the propagation constant found is used to define 
an effective index which describes the transverse waveguiding. The effective index is 
then used as the refractive index of the core region of the lateral waveguide, figure 5.1 (c), 
and the wave equation is solved in this waveguide to obtain a solution which approxi­
mately describes the lateral waveguiding of the two dimensional guide.
In section 4.4 the scalar Helmholtz equation was derived from Maxwell’s equations for 
the one dimensional case (equation 4.4.1.5). The equation may be generalised to two 
dimensions as
V1E (x ,y )+ [*02e C x ,y )-P 2|£ (* ,:y ) =  0 (5-3-D
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Figure 5.1. The Effective Index M ethod, (a) Buried ridge waveguide;
(b) transverse slab w aveguide of thickness d; (c) lateral slab wave­
guide w ith thickness W.
where k0 is the wave number, e the dielectric permittivity of the. material and P the 
propagation constant. A sinusoidal field variation has been assumed in the longitudinal 
z direction, E{r) = £(jc,y)exp(/Pz). Using the assumption that the variation of £(x,y) is 
slow in the lateral direction, the electric field may be approximated by
E(x,y) = F(x)G(x,y)  (5-3.2)
which may be substituted into equation (5.3.1) to obtain
1 ^  l a ’c  ( l l , \ o^ i a (5-33)
^ + cy 'H M C ro O -fl-O
where it has been assumed that d^G/dx2 is negligible. The first step in the El
approximation is to solve for the transverse field G(x,y) using the waveguide of figure 
5.1 (b), to obtain the effective propagation constant P ^ x )  for each separate region of the 
waveguide, where
Tf-Q (5.3.4)
—  + [ k lz ( x ,y ) - $ s(x)]G = 0
An effective index for the guide may then be defined, where
ne/ x )  = $e/ x ) / k Q (5.3.5)
For the buried strip waveguide of figure 5.1 there are three separate regions in the lateral 
direction. However, the waveguide is degenerate (all indices are the same) in the regions 
marked II, and so the effective index in these regions is equal to the bulk index. The 
effective index calculated for region I is used as the refractive index of the core region 
of the lateral guide (figure 5.1 (c)), and the lateral field distribution, F(x), may be obtained 
from
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0 + [ P ^ » - P 2|f = o
(5.3.6)
From the solution of the two equations (5.3.4) and (5.3.6) the transverse and lateral 
modes of the laser may be found. It should be noted that to obtain the TE solutions of 
the rectangular waveguide, it is necessary to use the TE solutions for the first waveguide 
and the TM solutions of the second. The method is very rapid (requiring in this case only 
two solutions of the one dimensional wave equation) and has reasonable accuracy, 
however it relies on several approximations which may not be valid. Most notably, the 
method breaks down for modes near to cut-off (where much of the optical field extends 
outside the core region and into the cladding regions) and for structures whose outer slab 
regions are cut-off.
A schematic of the CM laser is given in figure 5.2(a). This structure can be approximated 
for waveguiding purposes by the structure shown in figure 5.2(b), where it has been 
assumed that the field decays sufficiently to be neglected at the sloping mesa edges. This 
simplifies the structure and, provided that the core region is sufficiently far from the 
sloping edge of the mesa, should not reduce the accuracy of the solution. It can be seen 
from the figure that the two outer slab regions consist of an InP/air/InP ’guide*, which, 
because of the relative indices of the component parts, will not support any guided modes 
and are therefore cut-off. Also, in the structures analysed in this work, the second order 
mode is often near to cut-off. It would therefore appear that the effective index method 
would be a poor choice in this case.
It is, however, possible to analyse this structure by the El method, by considering the 
complementary waveguide of 5.2(c). Using this technique, waveguiding in CM lasers 
with no regrowth (so called "mushroom stripe" lasers) was analysed by Amann [7], who 
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Figure 5.2. (a) The constricted m esa laser, (b) The equivalent waveguide
(c) The waveguide m odel needed to apply the E l method.
technique. Amman’s analysis shows that the El method does indeed provide very poor 
solutions for guides of width less than 3|im, even for the fundamental mode. Such lack 
of accuracy in a self-consistent model will lead to inaccuracies in both electrical and 
optical solutions. A more accurate, but still rapid method was required, and the WI 
method, which is explained in the next section, was chosen as fitting both the criteria.
5.4 The Weighted Index method
The Weighted Index method was proposed by Kendall et al in 1987 [5], and like the 
Effective Index method assumes that the field may be split into two components. The 
weighted index method is an iterative technique, and obtains the best separable solution 
to the scalar Helmholtz equation. For the WI method, the separation used is
E(x,y) = F(x)G(y) (5.4.1)
Substituting this into the scalar Helmholtz equation, (5.3.1), gives
d 2F d 2G 2 n2 (5.4.2)
G - j + F — T + { & ( x , y ) -  P*}FG = 0 
dx dy
Multiplying (5.4.2) by G and integrating with respect to y  one obtains
J
+oo P  A ^
G 2d y+ F  J G"Gdy = F(32 J G 2dy -  F J G2k2e(x,y)dy
(5.4.3)
where F"  is cfF/dx2 and G "  is cfG/dy2. Without loss of generality, the fields in the x  and
y  directions may be normalised using \F 2dx = 1, \G 2dy = 1, which implies an overall 
normalisation \ \E 2dxdy = 1. Simplifying (5.4.3) using the normalisation condition, and 
rearranging, it can be shown that
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F"+F j* ~  G2& (x ,y )d y  = F  $2- f '~ G G " d y
(5.4.4a)
A similar equation may be found for G, where
G "+ G  F 2k 2t(x ,y)dx = G p2 - j F F " d x
(5.4.4b)
These are two, coupled, one dimensional scalar wave equations, which may be written 
in the form
It can be seen, by comparison of coefficients between equations (5.4.4a,b) and (5.4.5a,b), 
that the propagation constants a 12 and "index" terms kAy in equation (5.4.5) are related 
to (or weighted by) the field in the direction perpendicular to the direction of solution. 
For each equation, if the permittivity distribution and the field in the direction 
perpendicular to the direction of solution is known, kAy may be calculated, and thus the 
respective a 12 may be found for each mode supported. From this it is possible to calculate 
the modal propagation constant, (3, by differentiation of the field. However, we seek a 
solution for p in terms of the individual propagation constants, a 12, and other terms that 
are more readily evaluated. Multiplying (5.4.4a) by F, integrating with respect to x  and 
using the normalisation condition \F 2dx = 1, gives
F " + F k 2 = Fa% (5.4.5a)
G "+ G ky = Ga\ (5.4.5b)
P2 = j* ~  F2G 2kZe(x,y)dxdy + FF"dx + j ~ G G " d y
(5.4.6)
(the same equation is obtained by multiplying (5.4.4b) by G and integrating with respect 
to y). Substituting the values of a] and oc^  into (5.4.6) gives
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p2 = a2 + cx^  -  j  J  F1G2klz(xi y )dxdy
(5.4.7)
In other words, p can be obtained from the individual propagation constants, the index 
distribution, and the fields.
If a piecewise constant distribution is assumed for e, as shown in figure 5.3(a) for the
CM waveguide, such that the guide is divided into a grid of p  regions in the ^-direction 
and q regions in the ^-direction, with the permittivity in each region being designated 





+ F{lw**2eM}= F a2
+ G {5>**2e«}=G c£
(5.4.8)
(5.4.9)
P2 = a ? + a ^ - l l  wxp^ yqk2zpq (5.4.10)
P 9
where the weights, and are defined as
r xp+1 
J*p
wxp = | F2dx
(5.4.11)
V i (5.4.12)
wyq = f  G 2dx
These equations are identical to equations (21), (22), and (23) of reference [2], which 
have been derived using a variational method. The solution technique is illustrated in 
figure 5.3 for the CM laser, and proceeds as follows. Initially a distribution for one of 
the weighting terms, e.g. h ^ , must be assumed. A sensible choice would be\F{x)2dx = 1
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Figure 5.3. The W eighted Index method, (a) The equivalent waveguide 
for the CM/BRS laser, (b) The waveguide in the y-direction. (c) The




Figure 5.4 The weighted index model for the CM/BRS laser. In the 
active layer (shaded) the refractive index distribution is approximated 
a series of sections with their permittivity fixed by the carrier density.
in the core region and 0 elsewhere (remembering \h2XF(x),G(y) are normalised variables). 
The assumed weights, w^, are then used to calculate the index terms for the guide in the 
y-direction, as shown in figure 5.3(b). A first estimate for the field component in this 
direction, G(y), may then be obtained by solving the one dimensional wave equation, 
equation (5.4.9) in this guide. The field G(y) may then be integrated to provide the weights 
and the index terms evaluated for the guide in the x-direction, as shown in figure 
5.3(c). An estimate of the field F(x) may be then obtained by solution of equation (5.4.8).
At this point, it is possible to calculate an estimate of the propagation constant of the 
mode, P, from (5.4.10) using the new values of F(x) and G(y) calculated from the above 
process. This is only an estimate of p because equation (5.4.10) is only strictly valid 
when the solution has converged. The process is now repeated using the new estimate 
of F(x) to calculate a new G(y) and hence F(x), and a second estimate of p is obtained. 
The iteration continues until P converges to a value, which is the best possible result 
from the trial solution E(x,y)=F(x)G(y).
Solution is rapid and requires very little computational time. In fact, the main compu­
tational effort is in the solution of the one dimensional scalar wave equations and simple 
integrations to calculate the weights. The solution is especially rapid when a good 
estimate of the field components is known at the beginning of the problem, as is the case 
in an iterative model such as the one described in this thesis. The solution provides a 
strict lower bound for the propagation constant, and is therefore a good design parameter; 
if the WI method predicts that a mode will propagate then it will do so in a practical 
guide.
The method is readily applicable to the CM geometry, since it does not require evaluation 
of the propagation constants of the cut-off outer slab guides as is the case with the El 
method. The WI method also degrades slowly near to cut off of modes because the optical
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field in all regions is taken into account in the analysis. The degradation of the solution 
is due to the fact that near to cut off the field distribution is no longer well described by 
a separable solution. The method is therefore well suited to the requirements of the 
self-consistent model, satisfying both the requirements of speed and of accuracy. The 
next section describes how the WI method was implemented.
5.5 The waveguide solution
The WI method relies on the solution of the scalar Helmholtz equation in one dimensional 
waveguides. In order to apply the method, the wave equation solution must be able to 
provide the optical field distribution and the propagation constant of the mode which is 
sought Because the permittivity in the active layer depends on the carrier distribution, 
which is a complex function of distance, the wave equation is non-linear. The carrier 
density equation is solved by a finite difference technique, and hence the carrier density 
is only known at discrete points. The active layer permittivity is likewise only known at 
these points, and a numerical method of solution is required.
For the WI method, the waveguide must be split into rectangular regions with constant 
permittivity within each region. Outside the active layer the permittivity is set by the 
bulk permittivity of the material in that region. Inside the active region the model assumes 
that the active layer is split into many rectangular sections of depth equal to that of the 
active region, and width set by the finite difference mesh used to calculate the carrier 
density. In each of these sections the refractive index distribution is determined from 
the carrier density, and is assumed to be constant within the section.
A schematic diagram of the two dimensional waveguide used in the modelling of the 
optical properties of the BRS and CM lasers is shown in figure 5.4. The model ignores 
the effects of the metallisation and the sloping sidewalls of the CM laser, an assumption
-5.12-
which is valid if the confining layers are thick and the distance between the edge of the 
active layer and the sloping sidewalls is sufficient (approximately 0.5jun). The sloping 
sidewalls could be accounted for in the WI solution by assuming a staircase profile for 
the permittivity, but this would increase the complexity of the model and the time to 
obtain a solution for little or no gain in accuracy.
5.5.1 Wave equation solution technique
The WI method requires the solution of the one dimensional wave equation
d 2E(x) , n2, (5.5.1.1)
— V !+[*o2e(x )-p 2|£ W  = 0 
dx
in multi-layer slab waveguides. This is a standard eigenvalue problem which results in 
a set of solutions, Ex{x), E2(x), E^ix), etc. which represent the distributions of the optical 
modes corresponding to the discrete values of P for which the solution is valid. Several 
numerical techniques are available which could provide a solution of the wave equation, 
the method of solution which has been chosen is the shooting method. This method is 
readily applied to non-linear equations if a good initial estimate of the eigenvalue to be 
obtained is known, and can be used to solve simultaneously for the optical field and the 
propagation constants of the modes.
In the shooting method an initial estimate of the eigenvalue (in this case Pml) is required,
and this may be found either by prior knowledge of the problem or by some other 
technique. Using this estimate of the eigenvalue, the wave equation is solved by an initial 
value solution technique, with the boundary conditions at one edge of the region being
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used as initial conditions. The solution at the other edge of the region is compared to the 
boundary condition to be applied there, and the discrepancy between the calculated and 
desired boundary value used to improve the initial guess of the eigenvalue.
In the following derivation a uniform mesh is assumed for simplicity of explanation, 
however the solution method uses an adaptive grid, of varying mesh size, to provide an 
accurate solution. Let the region of interest, 0 <x <hx(M -  1) be discretised into (M-l) 
elements each of length hr The symmetry of the problem is used to halve the required 
mesh size. At the boundary nodes it is assumed that the boundary conditions
(dE/dx) U 0= 0: (dE/dx)\x=h(M_l)= 0 (even modes) (5.5.1.2)
(dE/dx)\x=0=Q: E  L=^(A/_d=0 (odd modes)
exist It is also reasonable to assume, in this problem, that the optical field has decayed 
to a small value at the initial node corresponding to x  = 0 i.e. E  = 10"*.
The initial value solution technique employed in this work to solve the wave equation 
is the Runge-Kutta method. The accuracy of the wave equation solution determines the 
accuracy of the eigenvalue obtained, and since this value is important in determining 
whether a mode is lasing, a high degree of accuracy is required. A fourth order method 
is used to provide a local truncation error of order h5 and an estimate of the error. This 
estimate of the error may be used to obtain in an adaptive mesh scheme to reduce the 
error to the order of h6. This is a standard technique and is described in, for example, 
reference [7].
The Runge-Kutta solution is stepped through the solution interval and the calculated 
boundary condition at the boundary node of the region is compared to the known 
boundary condition here, namely dE(hx(M-l))/dx = 0 for even modes or E(hx(M-l)) = 
0 for odd modes.
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If the calculated boundary condition does not agree with the desired value within an 
acceptable tolerance, then a second value of p, P,^, close to the original value is chosen 
and the set of calculations repeated. If the boundary condition is not satisfied for this 
new value of p then a further estimate of P is made using the following strategy
[dE(hx(M-l))/dx]  (5.5.1.3)
Ap
[dE(hx(M-l))/dx]  |e=pm| ~[dE(hx(M -  l))!dx\ 1 , .^
Pm1 Pm2
and
Pm 3 “  Pm 2
[dE(hx(M -l)) /dx \i=K2 
L {AdE(hx(M -  l))/<£t}/Ap.
(5.5.1.4)
From this point, the new estimate of p is made automatically by expression (5.5.1.4) and
the entire set of calculations for EJx)  are repeated until the boundary conditions at node 
M  are m et The technique is insensitive to boundary locations and is efficient, and the 
mesh size choice is automated.
The initial estimate of the eigenvalue for the fundamental mode is taken as the highest 
value of dielectric constant, for the first order mode the initial estimate is taken as the 
eigenvalue calculated for the fundamental mode. In the self-consistent model subsequent 
solutions use the value calculated from the previous iteration, and the solution is therefore 
faster. The WI method requires totally separate solutions for the fundamental and first 
order modes, i.e. both the lateral and the transverse field distributions must be calculated 
separately for each mode, unlike the El method. At all stages a check is made to ensure 
that the solution is converging to the correct mode.
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As with all numerical methods, it is important to determine the tolerance within which 
the solution should be obtained. For the weighted index method, two waveguides are 
solved, one in the horizontal and one in the vertical direction, Each of these waveguides 
has different dimensions, and therefore requires a different step size. The solution 
technique employs adaptive step sizes, limiting the error to within a fixed tolerance, and 
the solution can therefore be made very accurate. The required tolerance of the solution 
is limited by the expected accuracy of the Weighted Index method, which is estimated 
from the tables of reference [3] as 10“\  To achieve this accuracy of final solution, the 
tolerance of the waveguide solutions was therefore limited to clO-6.
The program for the weighted index method follows the lines of the solution technique 
outlined in section 5.3. A flow chart of the actual program is shown in figure 5.5. The 
integration of the functions to obtain the weights is carried out numerically, as an integral 
part of the Runge-Kutta solution method.
5.5.2 Results for guides of real permittivity
There has only been one published study of waveguiding in CM lasers [8]. This con­
centrated on the case where the regrown InP regions around the active layer, which are 
formed by mass transport or vapour phase epitaxy of InP, are of zero width, the so called 
"mushroom stripe" configuration. This study demonstrated the fact that the El method 
gives poor results in such structures, and showed that the fundamental (zero order) mode 
becomes cut-off for guides of less than 0.5|im. If the regrown region is assumed to be 
of infinite extent, the structure becomes a simple buried ridge, as used in the BRS laser. 
There have been previous studies of waveguiding such devices e.g. [9],[10], again 
showing that the accuracy of the El method may not be sufficient for laser design,
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Figure 5.5. Flow chart of the weighted index solution
however, it has been shown [6] that in such structures the WI method produces very 
good results. So far, however, no studies have been conducted to examine the effect of 
the regrown region width on the waveguiding properties of the CM laser.
This section presents results from the WI model showing the effect on the propagation 
constant and confinement factor of altering the waveguide dimensions. All results assume 
no carriers are present in the active layer, and therefore all the permittivities are assumed 
to be real, and are fixed at the bulk values. The undercut in the laser is assumed to be 
filled with a protective Si02 coating, and the cladding layers are assumed to be 
semi-infinite in extent, as is the regrown region unless otherwise stated. The relevant 
refractive indices and nominal values of the waveguide parameters are shown in table 
5.1.
Figure 5.6 shows the effect of the width of the regrown regions of the CM laser on the 
normalised propagation constant (p//:), and figure 5.7 the effect on the mode confinement, 
for the fundamental and first order modes. Both parameters are bounded by the values 
obtained at one extreme for a guide with no regrown region, and at the other by a guide 
with a fully regrown region (i.e. the buried ridge waveguide). It can be seen that for 
regrown widths greater than 0.5|im and guide widths greater than 0.5pm the effect of 
the regrown width on the mode characteristics is minimal, and the propagation constant 
takes the value for a fully buried guide. For regrown widths below 0.5pm the propagation 
constant begins to drop, and the confinement rise with decreasing regrown width, as the 
field penetrates into the Si02 region.
As would be expected, the effect on the propagation constant and confinement is more 
noticeable for the first order mode and for narrower guides, where the mode is initially 
less confined to the active region. However, it can be seen from figure 5.6(b) that for 
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Figure 5.7 Confinement factor vs regrown layer width with active 
layer width as a parameter, (a) TE00 (b) TE01
constant of the first order mode is negligible, and from figure 5.7(b) that the effect on 
the confinement factor is small above a regrown width of 0.8^m. Therefore, unless the 
regrown region is extremely thin, the effects of the surrounding Si02 region can be 
ignored, but for very narrow (<0.8pm) regrown regions the effect must be included. 
Devices are sometimes fabricated with very narrow regrown regions in order to decrease 
the leakage current, and it is therefore necessary to be able to include the effects of the 
regrown region in the optical model.
For the rest of this chapter it is assumed that the regrown region is sufficiently wide to 
be able to ignore the Si02 region, and the modelling is therefore equally applicable to 
the BRS and CM laser structures. The effect on the propagation constant and mode 
confinement of varying the active layer width is shown in figures 5.8 and 5.9. Again the 
fundamental and first order modes are shown. It might be expected that for wide active 
region widths the propagation constant and confinement factor would tend towards the 
value for a one dimensional slab waveguide. However, the figures show that even for 
guides 3|im wide, the propagation constant, although tending towards the asymptotic 
value, is still increasing. This demonstrates that the guide must be treated in all calcu­
lations as a two dimensional guide.
The confinement curves of figure 5.9, unlike those for the propagation constant, tend 
towards their asymptotic values at reasonable values of guide width, the increase in 
confinement slowing rapidly as the guide width approaches 1.5pm for the fundamental 
mode and 2.0pm for the first order mode. Figure 5.9b also shows the cut-off widths of 
the first order mode are all below 1.6pm for active depths above 0.1pm indicating that 
it is possible to fabricate guides which will support only the fundamental mode, but for 
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Figure 5.9 Confinement factor vs active layer width with active 
layer depth as a parameter, (a) TEOO (b) TE01
The data of figures 5.8 and 5.9 is replotted in figures 5.10 and 5.11 to show more clearly 
the effects of guide depth variations. The effect of guide depth on propagation constant 
and guide width is more marked than the effect of guide width, and both characteristics 
fail to reach their asymptotic values within a depth of 0.4pm. Again the first order mode 
is seen to propagate in narrow guides providing that the depth is sufficient For a nominal 
guide depth of 0 .15(im the first order mode will propagate for guides wider than 0.8pm. 
The first order mode may therefore play an important part in the lasing characteristics 
of devices, even if they have quite narrow active widths.
The intensity distribution of the fundamental and first order modes are shown in figure 
5.12 for a waveguide of 2pm width and 0.15pm depth. The dotted region in the figure 
shows the waveguide layer. It can be seen that the field is almost totally confined to the 
guide region in the lateral direction, but extends for some distance in the transverse 
direction. The figure also shows pictorially the difference in confinement between the 
fundamental and first order modes that was seen in figures 5.9 and 5.11.
5.6 Waveguides with complex permittivity
In the previous section, all refractive indices were assumed to be real. However, it is 
necessary for the waveguide model to cope with the situation where carriers are present 
in the active region. The presence of carriers depresses the real part of the refractive 
index and also introduces a complex contribution. In section 4.4.3 gain guiding was 
considered, and it was noted that the theory for slab waveguides is equally applicable 
to waveguides of real or complex permittivity. However, the WI method has not 
previously been applied to situations where the refractive index is complex, and varia­
tional methods, of which the WI method is an example, have been criticised as not being 
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Figure 5.12 Intensity patterns for the fundam ental (a) and first order
(b) lateral modes. The contours are each represent one tenth o f the 
intensity. The dotted line represents the waveguide region.
results have shown that such methods can provide accurate results. The WI method 
presented in this work avoids the use of the Rayleigh quotient, and therefore the criticisms 
of [4] are not applicable.
5.6.1 The complex Weighted Index method
Whereas other solution techniques such as the El and finite element methods have been 
applied to waveguides with complex permittivities in the past, and are know to produce 
valid results, questions have been raised as to the validity of the WI method. This section 
demonstrates the validity of the Weighted Index method when derived for the case where 
the permittivity is complex. In the complex case, the field components E, F, and G are 
all complex, as is the propagation constant The derivation follows the lines of section 
5.4, and the derivation given here relies on this previous work. The field is again split 
into x and y components, such that
E(x,y)  = F(x)G(y) (5.6.1.1)
and using this separation, the wave equation may be written
_ d 2F d 2G „ (5.6.1.2)
G —~ + F ~ t } FG = 0 
dx ay
In section 5.4, equation (5.6.1.2) was multiplied by G and integrated with respect to y. 
Previously a normalisation of the form ]AAdx = 1 was used for the field components. 
With complex fields, this leads to the requirement that the complex part of the field 
integrates to zero, which is clearly wrong. Bearing this in mind, we chose to multiply 
equation (5.6.1.2) not by G, but by the complex conjugate of G, G*. Integrating with 
respect to y gives
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„ * (5.6.1.3)
F"  J  GG dy+F  J  G"G dy =
F f t ( ~ G G ' d y - F  j* ~ G G ’k£e(x,y)dy
The normalisation condition must now be modified to take into account the different 
multiplication factor. The fields in the x  and y directions are normalised using 
\FF*dx = 1, \GG*dy = 1, which implies an overall normalisation \\EE*dxdy = 1. This 
normalisation condition does not set any extra limits on the complex part of the field, 
as was the case previously. Following the derivation of section 5.4, equation (5.6.1.3) 
is simplified using the normalisation condition, and rearranged to obtain
F " + F  j * ~  GG'kfe(x,y)dy  = fT |3 2 -  J"~G 'G 'W yl
(5.6.1.4a)
A similar equation may be found for G, where
r -  . ,  r 2 . 1 (5.6.i.4b)G "+ G  I FF kte(x,y)dx = G\ p2- J  F F dx\
These are two, coupled, one dimensional scalar wave equations, which may be written 
in the form of equations (5.4.5a,b). Once again, we wish to find a solution for (3, which 
may be obtained, c.f. equation (5.4.7) as
/* I OO /* 1 oo
P2 = a j + a ^ - j  J  FF'GG'klz(x,y)dxdy
(5.6.1.5)
Finally, if a piecewise constant distribution is assumed for e, as before, such that the 
guide is divided into a grid of p  regions in the x-direction and q regions in the y-direction,
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with the index term in each region set as epq, then identical equations to equations (5.4.8) 
to (5.4.10) may be written. However, the weighting terms are subtly different, being 
obtained from
The equations for the weights deal with real variables, as AA* must always be real, and 
the integrations are simple to perform mathematically. The Weighted Index may 
therefore be applied to waveguides of complex permittivity, but only if the change is 
made to the normalisation condition.
5.6.2 Results for guides of complex permittivity
Up to the present time, no results have been published for the WI method used in 
waveguides of complex permittivity. Such guides have, however, been analysed by other 
techniques [e.g. 10], and it is therefore useful to compare the results obtained from the 
complex WI method with those of reference [10]. Figures 5.13 and 5.14 show such a 
comparison, where the dotted lines show the data of figures 6 and 7 of reference [10]. 
It can be seen from the figres that there is very close agreement between the results of 
the complex WI method and complex finite element method. The figures also show that 
if the loss in the cladding region of the waveguide is only one order of magnitude less 
than the gain of the guiding region, then the loss has a minimal effect on the mode gain. 
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Figure 5.13 A comparison of the modal gain calculated by the complex weighted 
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Figure 5.14 A comparison of the modal gain calculated by the complex weighted 
index method and the finite element method of reference [10]. (a) TEOO (b) TE01
The gain in semiconductor lasers is provided by the stimulated recombination of carriers, 
and the carriers have an effect not only on the imaginary part of the refractive index, but 
also on the real refractive index. In the rest of this section the WI method as derived in 
section 5.6.1 is applied to CM waveguides where the active layer material is assumed 
to have a permittivity related to the carrier density by
£(*) =
2 (5.6.2.1)
where na is the bulk refractive index of the active layer, n(x) is the carrier density in the 
active layer, R  is the ratio of real refractive index dependence on the carrier density, and 
is negative. The local optical gain is assumed to be a linear function of carrier density, 
g(x) = an(x) - bt where a and b are gain constants.
As with the modelling of leakage current in chapter 3, the simplifying assumption is 
made here that the lasing action pins the carrier density to a fixed value, which is assumed 
to be uniform across the active region. The guide geometry and index profile is otherwise 
the same as in section 5.5.2 and given in table 1, and full regrowth of material around 
the active region is assumed. Results are presented in this section showing the dependence 
of the real part of the propagation constant, and of the optical gain, on carrier density 
and guide geometry. The optical gain is found from twice the imaginary part of the 
propagation constant, as was demonstrated in section 4.3.2.
Figure 5.15 shows the effect of varying the carrier density on the real part of the nor­
malised propagation constants of the fundamental and first order modes. It can be seen 
that increasing the carrier density decreases the real part of the propagation constant. 
This is a result of the depression of the real part of the active layer permittivity caused 
by the presence of carriers, which is seen in equation (5.6.2.1) (R is negative). The effect 
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Figure 5.16 Optical gain vs carrier density with active layer 
width as a parameter, (a) TEOO (b) TE01
from figure 5.15. This effect can, however, play an important part in the determination 
of the number of propagating modes. For example, it can be seen that, for the first order 
mode propagating in a guide of 1.5pm width, the propagation constant at a carrier density 
of 3xl018cm'3 falls below that of the surrounding InP material, indicating that the mode 
is very close to cut-off.
Although the effect of the carriers on the real part of the propagation constant of the 
mode is small, figure 5.16 shows that as the carrier density is increased, the optical gain 
alters significantly. The change from negative (loss) below a carrier density of about 
1.3xl018cm'3 to gain occurs at the same point for all guide widths and for both modes. 
This is consistent with a first order perturbation analysis (as given for example in [12]) 
which shows that the modal optical gain, G, in such a buried ridge guide with constant 
local gain in the active region is given approximately by G * Tg = T{an{x)-b), where 
T is the confinement factor of the mode to the active region. Thus when the local gain 
is zero then the modal gain will also be zero.
The curves of figure 5.16 appear at first glance to be linear, however they are slightly 
sublinear, an effect which is more apparent for the first order mode. This can again be 
seen from the perturbation theory, since the confinement of the mode to the active cavity 
falls slightly with increasing carrier density due to the decrease in the real refractive 
index with carrier density. Figure 5.16 also shows that the narrower the active layer 
width, the higher is the carrier density required to obtain a certain gain. However, for 
the fundamental mode this effect is only significant for guides below 1.5pm wide, 
between 1.5pm and 3.0pm there is very little change.
The difference between the gain of the fundamental and second modes is often used in 
laser design to ensure that only one mode will lase, the second mode not having sufficient 
gain to overcome the cavity losses. The difference between the gains of the two modes
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becomes more significant with decreasing guide width, and this means that narrower 
guides tend to support only a single lasing mode, despite the fact that the guide can allow 
more than one mode to propagate.
A typical figure for the overall cavity loss (internal losses and mirror losses) of an 
InP/InGaAsP buried heterostructure laser is 80cm'1 [13]. This level of gain is shown on 
figure 5.16 by the dashed horizontal line. It can be seen from the figure that the difference 
between the carrier densities required by the two modes at such a gain becomes 
appreciable for guides of width less than 2jim. This fact is used in laser design, and 
cavity widths of 2pm or less are most often used in buried heterostructure designs.
Figure 5.17 shows the effect of increasing carrier density on the real part of the propa­
gation constant for variations of active layer depth. It can be seen that, again, the change 
in the real part of the refractive index is quite small. Figure 5.18 shows the effect on the 
optical gain. The cross over point between gain and loss is again fixed, for reasons stated 
previously, and as with figure 5.16 the difference between the gain for the various active 
depths increases with carrier density.
It can be seen from figure 5.18 that the gain can be increased by a factor of four by 
increasing the depth from 0.1pm to 0.3pm, a fact which is again related to the increased 
mode confinement for deeper active layers. It would seem that this could be of benefit 
in obtaining threshold laser gains at lower carrier injection, and therefore lead to lower 
threshold currents. However, an increase in the active region depth means that a greater 
current density is required to obtain the same carrier density. There is therefore an 





























3 J 5  -
3 3  -
3 2 5  -
3 2
O.lum O.lSum 02um  025um  O Jum
“ I----------------------- 1------------------------1 -
1.5 2 2 3






0.15um O Jum  025um  O Jum
-i--------- 1--------- r-
13  2 2 3
Carrier density (/HKIS)
(a) (b)
Figure 5.17 Normalised propagation constant vs carrier density 
with active layer depth as a parameter, (a) TEOO (b) TE01
400






1 2 2 3 3
400






2 3 31 2
Catrier density ( / lO ^ S )  Carrier density (710*18)
(a) (b)
Figure 5.18 Optical gain vs carrier density with active layer 
depth as a parameter, (a) TEOO (b) TE01
5.7 Discussion
It has been seen in this chapter that the solution of two dimensional guides is considerably 
more involved than the solution for one dimensional guides, and requires numerical or 
approximate analytical methods. Because of the requirement for speed of solution in the 
overall self-consistent model, there is a limited choice of solution techniques possible. 
In many self-consistent models, the Effective Index method is used, however this is 
difficult to apply in the CM geometry, and the accuracy of the El method in this case 
has been shown to be low. It was therefore decided to use the Weighted Index method 
in the waveguide model, because it gives a high level of accuracy for a relatively small 
amount of computational effort. The Weighted Index method, however, has not been 
used previously to analyse complex waveguides, and it has been necessary to adapt the 
method to this situation.
From an analysis of the CM waveguide geometry, it can be seen that for very narrow 
waveguides (<0.75fim) and narrow regrown widths (<0.8fim) the effect of the regrown 
width must be taken into account It is rare to find active region widths less 1 .Opm because 
of the problems that this causes in coupling the light out of the waveguide, but such 
narrow regrown widths are used in an attempt to limit the leakage current in these devices, 
and the effect of the regrown width must therefore be included in the model. The analysis 
of the guiding structures shows that the propagation constant and confinement factor 
depends on both active depth and width. The dependence on the active width shows that 
whilst the propagation constant tends towards the value for an infinitely wide guide, this 
value is not reached for guides below 3|im, and the structure must therefore be analysed 
in two dimensions.
If the carrier density across the active layer is assumed to be uniform, then the dependence 
of both the real and imaginary parts of the propagation constant on carrier density is
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shown to be nearly linear for fixed guide dimensions, an observation which is well 
explained by first order perturbation theory. If a uniform carrier profile is assumed, the 
carrier density required for threshold can be obtained from the figures as in the region 
of 2xl018cm'3, assuming a cavity loss of 80cm'1, although the actual figure depends on 
waveguide depth and to a lesser extent width.
The results presented in this chapter assume uniform carrier density, but the shooting 
method used in the wave equation solution enables solution of guides with non uniform 
carrier density. The waveguide model developed in this chapter can therefore be used 
without any changes in the overall self-consistent model. The electrical and optical 
models are linked by the carrier density, and in order to couple the two models the carrier 
density must be calculated self-consistently. The overall self-consistent model is 
explained in the following chapter.
-5.27-
Parameter Value Units
Optical X 1.3 |±m
constants n InP 3.2
n inGaAsP 3.52
n Si02 1.5
a 3xl0 '16 cm2
b 400 cm*1
R -3
Waveguide active width 2.0 |im
dimensions active depth 0.15 fjm
Table 5.1. The parameters used in the optical waveguide modelling
-5.28-
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CHAPTER 6: THE COMBINED MODEL
6.1 Introduction
This chapter presents the overall self-consistent model of both the electrical and optical 
properties of buried heterostructure lasers. The literature on partially self-consistent 
models of lasers is quite extensive, and a review paper by Buus [1] covers most of the 
models produced up to 1985. Up to this time fully self-consistent models of the static 
electrical and optical properties of lasers were rare, most models made a number of 
assumptions about the electrical properties of the laser to enable the authors to use analytic 
formulations for the current distributions, and all models assumed a one dimensional or 
quasi one dimensional optical field distribution.
Such assumptions, however, can severely limit the applicability of the model. More fully 
self-consistent models [2-6] have generally solved the electrical field problem in two 
dimensions, using either the Laplace or Poisson equations to solve for the current 
spreading. It is still common practice to use the Effective Index method to solve for 
optical fields [2-4], although more recently there has been a move towards solving the 
optical field problem in two dimensions, often by finite difference or finite element 
methods [5]. Many models now claim to be applicable over a broad range of laser 
structures [2,4,5], although the assumptions made in each model vary depending on the 
parameters which the model is examining. It is therefore rarely possible to compare the 
results of models, and although there have been several excellent models of lasers 
produced, none have general applicability.
In this work a model of the static properties of one specific class of buried heterostructure 
lasers (the details of which were given in chapter 3) is presented. The class is quite broad,
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and the model may be easily applied to lasers of widely varying geometries, ranging 
from the buried ridge structure of figure 6.1(a), with a very narrow active layer and 
narrow regrown regions (which has been used to obtain record modulation bandwidths 
of 24 GHz at room temperature [7]) to the broad area stripe geometry laser shown in 
figure 6.1(b), which is a simple double (not buried) heterostructure device, and including 
a variety of structures (constricted mesa, etched stripe, double stripe etc.) which can be 
fabricated from double heterostructure wafers. Wide variations in active layer and 
cladding layer geometries can be accommodated, as can index guiding, gain guiding and 
all combinations of the two.
There have been several recently published models of semi-conductor lasers, some of 
which can handle some of the above structures. The difference between these models 
and the model described in this thesis is twofold. First, it is believed that so far no fully 
self consistent model of buried heterostructure lasers has been developed elsewhere. 
Secondly, the only other study to consider multi-lateral mode operation in a self-con­
sistent fashion [6] uses a very restricted electrical model, and does not examine the case 
of predominantly index guided lasers, where the problem of multi-lateral mode operation 
is most important
Previous chapters have discussed, separately, the current leakage and optical field 
problems in CM and BRS lasers. Up to this point, however, it has been assumed that the 
carrier density is fixed at the threshold value across the entire active layer, and the 
threshold value of carrier density has been taken from experimental studies. In order to 
model accurately the above threshold behaviour of semiconductor lasers, it is necessary 
to couple self-consistently the models for the electrical and optical properties. .This 
requires the determination of the effect of the interaction of the photons of the optical 
field with the active layer carriers, and the effect that this has on the current distribution 
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Figure 6.1(b) The stripe geometry laser
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The next two sections of this chapter explain the alterations to the electrical and optical 
models required to combine the two models in a self consistent scheme. The theoretical 
background to the model is then presented, detailing the assumptions made and the 
equations used in the modelling. The self-consistent solution scheme is described, and 
results are given for a wide range of different situations. Finally conclusions are drawn 
about the model and its applicability.
6.2 Calculation of carrier density
In common with most other authors [2-5] it has been assumed that the variations in carrier 
density and current density in the z-direction may be averaged over, and they are therefore 
assumed to be uniform. The active layer is, generally, very narrow in practical devices 
(0.1 to 0.25pm) and when modelling laser characteristics the assumption is invariably 
made that the carrier density is uniform across the depth of the active layer. Under these 
assumptions the electron density distribution, n(x), is given by the one-dimensional 
diffusion equation detailing the generation and recombination of carriers [8]
where De is the effective diffusion coefficient, t the active layer thickness, and the terms 
on the right hand side of the equation represent the recombination of carriers due to 
stimulated, spontaneous and non-radiative processes. This equation was introduced in 
chapter 3, but since with the electrical model there is no way of calculating the stimulated 
recombination term, a constant lateral carrier density distribution was assumed for the 
calculations. Knowledge of the carrier density is crucial to the self-consistent model, 
and thus the diffusion equation must now be solved.
d 2n(x) Jactivei* y d )
e dx1 + qt
(6.2.1)
= Rs»m i n ) + R Spon ( n ) + R nr ( n )
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For buried heterostructure lasers, the active layer is surrounded on all sides by material 
of a different bandgap. Thus, at the sides of the active region a heterojunction is formed 
in the lateral direction. This heterojunction forms a carrier blocking barrier, since it will 
not become "turned on" at the values of electrical field that occur in the lateral direction. 
The diffusion equation (6.2.1) must be solved, therefore, subject to the boundary 
condition of zero carrier flow across the lateral heterojunction. This important property 
of buried heterostructure lasers has been ignored by other authors [2,13-15], however it 
has significant implications for the laser performance, notably in respect of the leakage 
current.
The spontaneous recombination coefficient is taken here as linearly dependant on the 
carrier density, being related to the hole and electron concentrations by
RsponW = (B0- B ln(x))n(x)p(x) (6.2.2)
where B0 and Bj are constants. In long wavelength materials, non-radiati ve recombination 
due to Auger processes becomes important, and must be included in the model. The 
spontaneous and non-radiative recombination terms used in this model come from a 
study by Olshanski [9], who examined recombination mechanisms in CM lasers. This 
work suggested that the non-radiative recombination can be adequately described by a 
single Auger term, and a second term which must be introduced to explain anomalous 
behaviour at low carrier densities
Rm (n) = C n(x)p \x)+ D nz (6-2-3)
Here, C is the Auger recombination constant and D  and z are constants determined from 
the experimental data. It is suggested that an increase in the parameter D  may be used 
to account for the difference in device performance as the device ages [9]. The hole 
density in the active layer is calculated, assuming an active layer doping of pa as
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p(x) = n(x)+pa (6.2.4)
Radiative recombination is related to the photon density in the active layer and the optical 
field distribution. If a normalised optical field distribution is defined as
where g(x) is the optical gain, c/rj0 is the group modal velocity in the cavity and SA is
the photon density per unit cross sectional area, and the summation is carried out over 
the lasing modes. This recombination term is one of the coupling terms between the 
optical and electrical field problems.
When these equations (6.2.2-6) are substituted into the diffusion equation it can be seen 
that the equation is non-linear, depending on terms in n2, n3 and nz. Due to the complexity 
of the equation, and the fact that the current density injected into the active layer, which 
is a source term in the equation, is only specified at points given by the solution of the 
Laplace equation in the upper cladding layer, a numerical method of solution is required.
The chosen method of solution is to use a quasi-linearization technique to linearize the 
equation. If this linearized equation is written in finite difference form it is tri-diagonal 
in form, and is readily solved using fast and efficient matrix methods. This linearized
\E (x ,y ) \2 (6.2.5)
'p (jc- y ) = «
then the stimulated recombination term is given by
Rsrim =g(x)^~'Z{'¥M(x,y)SAJ  r\a M *
(6.2.6)
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solution may then be used to obtain an improved estimate of the carrier distribution, and 
an iterative scheme is used to obtain the final solution. The solution method is given in 
Appendix 2.
6.3 The lasing condition applied to the optical model
In chapter 5, the Weighted Index method was developed for two dimensional waveguides 
with complex permittivity. It was shown how the optical field distributions and propa­
gation constants of all guided modes of the waveguide can be found. This forms the 
basis of the optical model. The propagation constant determines the optical gain of the 
mode, as was shown in chapter 4. The optical field profile is required in the stimulated 
recombination term of the carrier density equation (as seen in equation (6.2.5)), and the 
carrier profile in the active layer sets the optical field via the permittivity distribution. 
The permittivity is given by
r
e(*) =
an(x)„ ,g(x) Y (6'31)
\ 2 k o  2 k o
where T|fl is the bulk refractive index of the active layer, and R the ratio between real 
and carrier dependant imaginary part of the refractive index.
The optical model, however, is considerably more complicated than just the determi­
nation of the optical fields and propagation constants. One of the requirements of a laser 
is that the optical gain of all lasing modes are equal to the losses experienced in the 
optical cavity by the modes. The optical gain of a mode, GM, is given by 2/m ((3), and to 
a good level of approximation, this is given by the two dimensional overlap integral of 
the gain coefficient and the mode profile
r 7  (63*2)
g m =  J  J  g(x,yy¥(x,y)dxdy
For a steady state lasing mode, this gain must compensate for the losses experienced by 
the mode in a round trip around the cavity. This condition may be written as
Cm = «» + «, <6-3-3)
Here a m is the mirror loss and a, is the internal loss in the laser cavity, including
ffee-carrier, scattering and absorption losses. The internal loss is taken as a constant, 
whereas the mirror loss is averaged over the cavity length, Lc, and obtained from the 
mirror reflectivity, R , as
i .  r n  (6.3.4)
oc_ = —In 
m Lc R
The only way to alter the propagation constant of the modes, and thus the optical gain, 
is to alter the waveguide in which the mode propagates. Within the confines of a fixed 
optical cavity, this can only be done by altering the carrier density in the active layer. If 
the current injected into the active layer is fixed, then the controlling variables in the 
carrier density equation (6.2.1) are the photon densities SA of each lasing mode, which 
enter the equation via the stimulated recombination term. By suitable adjustment of the 
photon densities of all lasing modes, it is possible to alter the carrier density and hence 
permittivity such that the gains of all lasing modes are equal to the losses.
Due to the non-linear nature of the carrier diffusion equation, the solution for each mode 
depends on the other modes, and a simple super-position of solutions will not satisfy the 
equation. An efficient scheme for obtaining the photon density of a single mode was 
suggested by Kumar [3] and is used here, extended to deal with the general case of any
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number of lasing modes. The method uses the Newton-Raphson technique to alter the 
photon densities of each mode to relax an initial guess of the photon densities towards 
a solution. A description of the method is given in Appendix 3.
In the overall scheme, the solution of the optical problem is preceded by a solution of 
the electrical problem. Initially the laser is assumed to be below threshold, and thus the 
photon densities of all modes are zero. The optical solution proceeds as follows:
(1) Using the injected current distribution provided by the Laplace equation solution, 
the carrier density is obtained from equation (6.2.1). It is then possible to determine 
the permittivity distribution in the active layer that this carrier density implies, 
and thus to solve the wave equation and obtain the field profile and propagation 
constants of the guided modes of the waveguide.
(2) The gains of all guided modes, determined from the propagation constants, are 
then compared to the cavity loss. If the gain of any mode is greater than the loss, 
then the laser is above threshold, and the solution continues. If not, the laser is 
below threshold, and the electrical solution describes the laser behaviour, ignoring 
spontaneous emission. If the laser is above threshold, then any mode for which 
the gain is greater than or equal to the threshold value is assumed to be lasing at 
this stage in the iteration. It is possible for a mode to appear to be lasing at one 
stage in the iteration, but to fall below threshold at a later stage. Similarly it is 
possible for a mode to begin to lase at some subsequent stage in the iteration.
(3) For all lasing modes, it is then necessary to fix the gain equal to the losses. This 
is done by altering the photon density in the carrier diffusion equation, and 
resolving the equation to obtain the new carrier density that this photon density
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implies. An initial guess of the photon densities of each lasing mode is supplied 
by the program, and this guess is improved using the multi-dimensional New­
ton-Raphson technique described in Appendix 3.
This process alters the carrier density profile in the active layer, and strictly 
speaking, every time the carrier density is altered, the fields and propagation 
constants of the lasing modes should be re-calculated to enable calculation of the 
gain. Solution of the wave equation is time consuming, and in general the change 
in the optical field is small at each subsequent iteration. The modal gains must be 
determined several times during the Newton-Raphson solution, and at this point 
in the solution loop it is therefore useful to calculate the gain from the approximate 
equation (6.3.2), and use the field distribution calculated in step (2).
(4) Stage (3) alters the carrier density, and this alters the permittivity and hence the 
optical field distribution. It is therefore necessary to re-calculate the optical field 
profiles and propagation constants of all lasing modes by a full solution of the 
wave equation, as per stage (1). Having done this, the gains of the lasing modes 
are again compared to the losses. If they are within a tolerable error, and no other 
guided mode now has a gain greater than the threshold value, a solution has been 
obtained. If not, the solution is repeated from stage (2) using the new optical field 
distribution.
During the iteration process, especially when the solution is very close to the point at 
which the next highest order mode begins to lase, the multi-dimensional New­
ton-Raphson routine can sometimes give a negative value for the photon density of the 
higher order mode. This is obviously not a physically possible solution, and it is therefore
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not allowed. It is found that, in such a situation, it is invariably possible to obtain a 
solution with a lower number of lasing modes, and the negative photon density appears 
to be due to numerical instability in the iteration loop.
6.4 The self-consistent model
In this section the equations describing the overall self-consistent model of the electrical 
and optical fields in buried heterostructure lasers are given. The models for the electrical 
and optical components are similar to those used in chapters 5 and 6, the difference being 
in the way that the carrier density in the active layer is treated. It is the carrier density 
that couples the two models, and must be treated in a self-consistent way between them.
6.4.1 The current spreading and carrier density problem
The p-type confining region is taken to be homogeneous and passive, and thus the two 
dimensional potential distribution is given by a solution of Laplace’s equation
subject boundary conditions on the current flow at the edges of the region. The current 
may be obtained from the solution of Laplace’s equation as
where a  is the conductivity of the p-type region, which is related to the electronic charge, 
q, the hole mobility |xp and the p-type doping p0 by
V2V(*,y) = 0 (6.4.1.1)
J(x ,y )  = -a V V (x ,y ) (6.4.1.2)
G = <WPPo (6.4.1.3)
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From these relations the total current injected into the device may be obtained by 
integrating the current density injected across the contact (or any plane parallel to the 
contact)
/  = j j ( x , y ) \ y=cdx
(6.4.1.4)
This is solved numerically using the trapezoidal rule method. The contact is taken to be 
an equipotential surface, and the boundary conditions at the insulating boundaries are 
given by
where n is the unit vector normal to the boundary. In common with others the
homojunction regions are assumed to operate in the low-injection regime, and to be 
abrupt junctions. The current at any point on the homojunction boundary may be 
represented by the Shockley equation
where Jsai is the saturation current density, T| is the ideality factor, k the Boltzmann 
constant and T  is the temperature.
At the heterojunction boundary the Shockley equation may not be applied, because the 
lasing action at the junction clamping the carrier density near to the threshold value. The 
Shockley equation also relies on Boltzmann statistics, which are not valid at the high 
carrier densities required for lasing. The injected current acts as a source of carriers into 
the active region, and the electron distribution in the active layer, n(x), may be found 
from the carrier diffusion equation [8]




d 2n(x) JgctiveiX’d) 
e dx2 + qt
(6.4.1.7)
= RstimW+RSpon(fi) +  *A»(")
where De is the effective diffusion coefficient, t the active layer depth, and the terms on 
the right hand side of the equation represent the recombination of carriers due to 
stimulated, spontaneous and non-radiative processes. This equation is solved subject to 
the condition of zero electron leakage across the lateral heterojunction. The spontaneous 
and non-radiative recombination rates are given by [9]
In these equations B0 and Bt are constants, C is the Auger coefficient and the term Dnz(x) 
is an expression introduced by Olshanski et al [9] to explain anomalous behaviour at 
low currents. p(x) is the hole concentration which, for an active layer with a p-type doping 
of pa is given by
The electron and hole concentrations set the quasi-Fermi level separation, and this in 
turn sets the active layer voltage. The separations are given by
RSpon(n) = (B0- B ln(x))n(x)p(x) (6.4.1.8)
RNR(n ) = Cn (x)p2(x)+ Dnz (6.4.1.9)
p(x) = n (x)+ pa (6.4.1.10)
(6.4.1.11)
(6.4.1.12)
where F1/2(0) is the Fermi integral, Fc and Fv are the quasi-Fermi levels of electrons and 
holes respectively, Ec and Ev are the energies of the conduction and valence band edges
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in the active region, and Nc and Nv the conduction and valence band density of states in 
the active layer. The solution of the Fermi integral is obtained using the approximate 
analytic expansions [10].
Fc( x ) - E c(x) = kT\]n
rn(x)'
K NCJ + * .
n(x)
+K.
+ K \ l i )  +
(6.4.1.13)
E ( x ) - F ( x )  = kTi\n rp { x j*  
Nv
(6.4.1.14)
The constants Klt K2, and K3 are given in table 1. The potential difference across the 
active region may then be found from the electron and hole densities
V(x,d)  = -  [(Fc -  Ec) + (£„ -  Fv) + Et\
(6.4.1.15)
where E  is the bandgap of the active layer material.
6.4.2 The optical problem
If the light is assumed to propagate in the z-diiection, with time and axial dependence 
taken as exp{/(cor -  pz)}, then the two dimensional scalar Helmholtz equation, which 
describes the distribution of the optical field under these conditions, may be derived 
from Maxwell’s equations as
V2E(x,y)  + {k*e(x,y) -  $ } E (x ,y )  = 0 (6.4.2.1)
where E(x,y) is the optical field distribution, e(x,y) the complex relative permitivity, k0
the wave number and p the modal propagation constant In the active layer the complex 
relative permitivity is dependant on the carrier density, and is given by
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The local gain, g(x), is assumed to be linearly dependant on the carrier density
g(x) = a n ( x ) - b (6.4.2.3)
where a and b are gain constants. Solution of the wave equation is by the Weighted Index 
method [11]. This method is ideally suited to device modelling, being is both more 
accurate than the commonly used effective index method and faster than other solution 
techniques (e.g. the finite element method [5], beam propagation method [6] etc.). Speed 
of solution is an important factor in self-consistent models, where the optical problem 
is only part of the model, and may need to be solved many times in the course of the 
overall solution. The method, as derived in reference [11], is not directly applicable to 
waveguides of complex permittivity due to the normalisation condition used, but was 
derived for this case in chapter 5.
In the steady state, the lasing condition may be written
where a m is the mirror loss and a, the cavity losses. The modal optical gain is given by 
2Im(p), and this can be shown to be approximately
where vF(;t,y) is the normalised intensity distribution given by equation (6.4.5)
Gm = 0 ^ ,+ a , (6.4.2.4)
G„ = 2/mp„ = J  J  g(xy¥u (x,y)dxdy (6.4.2.5)
active
The optical and electrical problems are linked by the stimulated recombination term in 
the carrier diffusion equation (6.2.1). This term is given by
* « .= * ( * > £  Z f f V x .y f t , ,}T|o M *
(6.4.2.6)
where c/rj0 is the group modal velocity in the cavity and SA is the photon density per unit
cross sectional area. The summation is over the lasing modes. The output power from 
each facet is given by
1 c ^  (6.4.2.7)
- a mh v — ALc l S A
2 m T|o CM
where h x> is the energy of the mode and A the active layer lateral cross-sectional area A 
= Wt.
6.5 Solution technique
A flow chart summarising the solution scheme used in the self-consistent model is shown 
in figure 6.2. All equations are solved numerically, using the finite difference technique, 
and the usual precautions have been taken to ensure computational stability and accuracy. 
All the solution techniques that use iteration have checks employed in the solution loops 
to ensure that the solution is converging. Where possible, to check the accuracy of the 
program, each equation requiring a separate solution technique was solved in the first 
instance by two different methods. The fastest method of solution was used in the actual 
program, provided the accuracy was sufficient.
The solution of the finite difference equations uses a non-uniform grid to help speed up 
the solution. The same precautions to ensure good grid design as for the electrical model 
were employed. The grid design was again manual, however, when the diffusion equation 
is included in the model it is found necessary to increase the number of points in the
-6.15-
No^  Electrical 
convergence ?
^  Overall 
convergence ?
Yes
No^  Optical N  
convergence ?
Solve the Laplace 
equation
Calculate the active layer 
carrier distribution
Calculate the photon 
densities of lasing modes
Calculate the active layer 
current distribution
Solve the wave 
Equation
Supply initial estimates for the 
electrical and optical models
SOLUTION
OBTAINED
Figure 6.2 Row chart of the self-consistent method
lateral grid to ensure the accuracy of the overall equation solution. The grid design 
depended on the shape of the laser being modelled, but generally there were around 60 
points in the x direction and 20 in the y direction. The optical solution uses an adaptive 
Runge-Kutta technique [12] to determine the grid, with the grid size set by the allowable 
global error of the fields F(x) and G(y).
The general solution technique is as follows:
(1) The first step in the model is to assume a voltage applied to the top equipotential 
contact, and to solve Laplace’s equation (6.4.1.1) subject to the boundary 
conditions given in equations (6.4.1.2-15). This is achieved by an iterative solution 
technique, and on the first iteration an active layer voltage is assumed and 
equations (6.4.1.1) to (6.4.1.6) are solved. The active layer injection current, J(x,d), 
is then calculated and equation (6.4.1.7) is solved to give the carrier density in the 
active layer that this current distribution implies. Initially SA- 0  is assumed for all 
modes. The active layer voltage distribution may then be calculated from equations 
(6.4.1.11-15) and compared to the voltage initially assumed. If the two are within 
a specified tolerance then a solution for the electrical problem has been obtained, 
and this solution provides a first estimate of the carrier density in the active layer. 
If not then this step is repeated using the new active layer voltage until convergence 
is obtained.
(2) The calculated carrier density distribution is used to determine the refractive index 
distribution from equation (6.4.2.2). The complex two dimensional Helmholtz 
equation (6.4.2.1) is then solved by the Weighted Index method for the guided 
modes, obtaining the field profiles and propagation constants for each mode. The 
modal gains, 2/m((3M), obtained from the waveguide solution, are compared to
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the cavity loss given by equation (6.4.2.4). If, on the first iteration, none of the 
modal gains is greater than the losses, then the laser is below threshold and the 
solution is halted.
(3) If the gain of any mode is greater than, or equal to, the cavity losses, then that 
mode is considered to be lasing. The requirement is that the gain of each lasing 
mode is equal to the losses, and the modal gains are adjusted by altering the photon 
densities, SA, in the diffusion equation (6.4.1.7) using the method of Appendix 3. 
This changes the carrier density, and thus the gain, g(x), which in turn alters the 
modal gains via the approximate expression (6.4.2.5). The photon density must 
be calculated for each lasing mode, but this process is complicated by the non­
linear nature of the diffusion equation, which means that altering the photon 
density of one mode will change the gain of the other. A multi-dimensional 
Newton-Raphson root finding technique is employed to obtain solutions for the 
photon densities.
(4) Using the approximate expression for modal gain in step (3) speeds the solution, 
but means that the Helmholtz equation is not re-solved during the calculation of 
the photon densities. However, the carrier density is affected by this process, and 
thus the refractive index profile is changed. It is therefore necessary to re-solve 
the Helmholtz equation with the new refractive index profile, and thus to obtain 
the new optical field distribution and gains for the lasing modes. This and 
subsequent solutions of the Helmholtz equation are rapid because a good initial 
estimate of the propagation constants is available from the previous iteration. If 
the calculated value of gain for each lasing mode is within a specified tolerance 
of the cavity loss then the optical solution has converged, and the solution proceeds 
to step (5). If not, the optical solution is repeated from step (2), and iteration 
continues until convergence is obtained.
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(5) The carrier profile obtained from the optical solution sets a new active layer 
voltage, and the electrical problem must therefore be re-solved using this new 
value. The model iterates between electrical and optical problems until the carrier 
profile at the start and finish of the optical model converges to within a specified 
tolerance.
Despite using such a complex iteration scheme, very few convergence problems were 
encountered. Three separate tolerance values were necessary to limit the errors in the 
overall solution to a tolerable value, these being for the Laplace equation, active layer 
carrier density, and gains of the modes. Other tolerance values (i.e. for the diffusion 
equation, wave equation and Weighted Index solution) were set at the limit of the 
computational accuracy. It was found that to obtain a solution of the diffusion equation 
consistent with the current spreading problem in the upper confining region, the Laplace 
equation had to be solved to within a very fine tolerance level, the average error at any 
node was required to be limited to less than 10'7. Convergence of the Laplace equation 
was not a problem, however such a fine tolerance required more computing time than 
would otherwise have been required.
The only convergence problems encountered were when dealing with cladding regions 
with very high doping levels (>1.5xl018) where the resistivity of the layer was very low. 
In such cases, a small variation in active layer voltage distribution causes quite a large 
change in injected current. It was possible to obtain a situation where, if a relatively poor 
guess of the active layer carrier density was used, the solution to Laplace’s equation 
would give far too high (or too low) an injected current into the active layer. This would 
lead to the diffusion equation solution giving a poor estimate of the carrier density, and 
therefore the subsequent Laplace equation obtaining a low or high value of active layer 
current. This could lead to oscillations in the electrical solution.
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The problem was rare and it was almost always possible to overcome the oscillations 
by using an average of the two carrier density distributions obtained by the two extreme 
cases. It had been anticipated that problems might arise due to the two modes competing 
for carriers, and therefore causing oscillation between solutions with one and two modes 
lasing. This did not occur in the present model, the only problem with the optical solution 
was that of rogue solutions having a negative photon density for the higher order lasing 
mode. In such a case a solution was invariably possible with just a single mode lasing, 
as explained in section 6.3.
Using the above iteration scheme, modified to prevent oscillations in the solution, it was 
possible to solve for the current spreading, carrier density and optical modes of the 
solution to within a fine tolerance. Solutions were obtained for the injected current density 
and output light power which would vary only in the fourth significant figure for changes 
in the assumed initial conditions.
6.6 Results
The basic structure used in the modelling is a BRS laser with a two micron wide active 
layer, two micron wide contact stripe and overall width of 6 microns, as shown in figure
6.3. The advantage of using the BRS structure as a basis for the modelling is that it is 
possible to vary the geometrical parameters of the structure independently, whereas with 
the CM laser the device height, width and contact width are interrelated. A basic doping 
level of 8xl017 cm'3 has been used in most of the calculations, since this is in the range 
of dopings used in practical devices, and it is the doping level recommended in the 
previous studies of current spreading in BRS and CM lasers [13-15]. Other basic 
parameters used in the simulation, unless otherwise stated, are given in table 1.
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Figure 6.3 Schematic diagram of the BRS structure laser to be modelled
The parameters used in the computer model reported here are all obtained from the 
literature and no attempt has been made to fit parameters to obtain solutions which better 
represent the experimental situation. However, where the value of a parameter (such as 
the gain parameters) varies widely in the literature, a representative value has been used 
to represent the laser structures under investigation. The gain parameters used here are 
identical to those used in several other laser models [e.g.3,4], and close to those found 
experimentally in studies on the CM laser [16]. Wherever possible, the values of para­
meters are obtained from experimental results for relevant laser structures.
The only external boundary condition on the problem is the voltage applied to the upper 
p-type contact, however, in experimental situations the lasers are generally driven from 
current, rather than voltage sources. The current injected into the device can be obtained 
from equation (6.4.1.4). Above threshold the I-V characteristic is substantially linear if 
the leakage current is small, and it is therefore possible to use the injected current as 
boundary condition if the I-V curve for the particular laser structure is known. This may 
be done by calculating two points on the I-V curve, near to threshold, and using these 
to extrapolate the value of voltage required to produce a certain current This has been 
done for most of the characteristics presented here, and has been automated in the 
program. Where the characteristic varies substantially from the linear, i.e. where the 
homojunction leakage current is significant, the program recalculates the voltage to 
obtain the correct value of current.
The model can solve for any number of lasing modes. However, since for practical 
devices it is desirable to limit lasing to only the fundamental mode, the model only solves 
self-consistently for the first two lasing modes. This enables the model to be used to 
study whether a device will support more than one lasing mode, and reduces the time 
taken to obtain a solution. An experimental study on CM lasers [17] found that for some 
device geometries lasing in two modes does occur, but lasing in three modes was never
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observed. It is relatively easy, but time consuming, to check whether higher order guided 
modes are lasing, simply by solving for the mode using the WI method and comparing 
the calculated gain to the cavity loss. In the cases where this was done it was found that, 
in agreement with the experimental observations, a third lasing mode would not be 
supported.
6.6.1 The basic BRS laser
The basic BRS laser is shown in figure 6.3. This device structure is useful to demonstrate 
the various problems associated with relatively wide active layers and those associated 
with relatively low p-type cladding layer doping. The graph of light production per facet 
against drive current (the light-current or L-I curve) obtained from the model for such 
a device, and with dimensions and doping level as given in table 1, is shown in figure
6.4.
The figure shows that the laser has a low threshold current, of around 12mA, which is 
in excellent agreement with experiments carried out by several groups on this and related 
structures [13-15]. The calculated external quantum efficiency of 24% per facet is again 
in excellent agreement with experiment [15]. The very sharp transition from zero light 
production to lasing shown in figure 6.4 is due to the neglect of the amplified spontaneous 
emission in the model, but this effect only makes a noticeable difference around 
threshold. It can be seen that, although the curve is virtually linear at low injected current 
densities, it becomes sub-linear at high injected current Although at this cladding layer 
doping level the effect is not very noticeable, it can be seen by comparing the calculated 
curve to the guide line drawn on figure 6.4, which has been extrapolated from the initial 
slope of the curve. Again, this sublinearity of the light-current characteristic is observed 
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(such as cable television) which are very sensitive to signal distortion.
The sub-linear behaviour is consistent with the non self-consistent electrical modelling 
of chapter 3. It was shown that, as the injected current is increased, a fraction of the 
current can by-pass the active region and flow through the homojunction regions. This 
fraction increases with injected current. The homojunction current does not contribute 
towards the light produced, and so it is to be expected that as the drive current is increased, 
the light-current characteristic will become increasingly sub-linear. The relationship 
between homojunction current and heterojunction current can be seen from figure 6.5. 
The figure shows that, as with the non self-consistent electrical model, the relationship 
between the two currents is nearly exponential in nature, although at the values of injected 
current in the figure, the homojunction current is only a small fraction of the hetero­
junction current.
The calculated distribution of the current injected into the heterojunction/homojunction 
plane is shown in figure 6.6. This shows that very little current is injected into the 
homojunction regions, in order to make the leakage current visible on the graph a log­
arithmic scale has been used. It can be seen that in this laser the majority of the leakage 
current occurs far from the active region, near the edges of the device. Figure 6.6 also 
shows that, as is to be expected, as the current injected into the device is increased the 
pattern of current distribution in the active layer alters.
The current density spikes at the edges of the active region indicate the extent of the 
current crowding in the device. This is mainly due to the effects of the lateral hetero­
junction and the fact that the homojunction regions are not conducting to any real extent, 
forcing almost all the current injected into the device to flow through the active region. 
The pattern of current injection across the bulk of the active layer alters from near 
threshold, where the curve is slightly convex, to well above threshold, where it becomes
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concave. This effect is mainly caused by the change in the carrier distribution in the 
active layer and the consequent alteration of the current distribution in the laser as the 
current is increased.
The carrier density across the active region is shown in figure 6.7. It can be seen from 
the figure that at an injected current of twice the threshold current the carrier density is 
relatively flat, varying from around 2.4x1018 cm'3 at the edges of the region to 2 .15xl018 
cm'3 near the centre. The dip in the carrier profile is caused by the effects of stimulated 
recombination, the non-uniform current injection into the active layer, and carrier 
diffusion. In the centre of the active region the stimulated recombination is greatest, 
since the optical field is greatest at this point. As the current injected into the device is 
increased, the carrier profile alters, most noticeably at the edges of the device. Here, the 
current injection is greatest and the optical field strength least, so the carrier density 
increases, whereas in the centre of the region the carrier density becomes clamped by 
the lasing action, changing only slightly in response to the alterations in optical field 
profile.
Figure 6.8 shows the normalised optical field strength plotted against distance across 
the device. The curves for two and three times threshold current are nearly identical, and 
cannot be separated on the scale at which the diagram is drawn. This indicates that the 
predominant guiding mechanism is real index guiding, i.e. there is little focussing of the 
beam as is found for gain guided devices [6]. As the injected current is increased to a 
value of four times threshold current, it is found that the second lateral mode has begun 
to lase, and the overall optical field profile alters in response to this.
The reason for the lasing of this second mode is the increased gain seen by this mode 
due to the high carrier density near the edges of the active region. Although the mode 
is still predominantly guided by the real index variation between the cladding and active
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regions, the overlap between the carrier profile and first order mode increases with 
increased carrier density. This means that the gain seen by the mode increases, and at 
some point the gain becomes sufficient for it to be equal to the losses in the cavity, and 
the mode therefore begins to lase.
At four times threshold current the strength of the second mode is not sufficient to cause 
a dip at the centre of the field profile, however, due to the nature of the first order mode 
profile the overall field shape is widened. As the injected current is increased, the gain 
of the second mode also increases, and the power carried by this mode relative to the 
fundamental mode increases, causing a dip in the field profile. Increasing the current 
increases this dip. This has a knock on effect on the carrier profile, and thus the current 
profile, with the carrier density in the centre of the active layer increasing as the relative 
optical field strength here decreases, as seen in figure 6.7.
Figure 6.9 shows the relative photon densities of the two lasing modes. It can be seen 
that the photon density of the fundamental mode increases virtually linearly up to the 
point at which the first order mode begins to lase. The slope of the curve then suddenly 
alters, keeping the sum of the two lasing modes as a linear function of current It can be 
seen that, as the current is increased above the threshold for the first order mode, the 
photon density of this mode initially increases relative to the fundamental mode, such 
that, at a certain value of injected current the first order mode will be the predominant 
lasing mode, provided that no further modes begin to lase.
It can be seen from figure 6.9 that the sub-linear behaviour shown in figure 6.4 does not 
coincide with the onset of the second lasing mode, and there is no kink in the L-I curve 
at the point at which the second mode begins to lase. However, as seen from the guide 
lines on the figure, the sublinear nature of the overall light-current curve is mainly due 
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Figure 6.9 The variation of photon density with 
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Figure 6.10 The variation of carrier density 
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Figure 6.11 Homojunction leakage current versus 
heterojunction current when no stimulated 
recombination is allowed.
is seen more clearly in figure 6.20, where the lower doping level allows greater current 
leakage and thus sub-linarity). The reason for this is examined in greater detail in section
6.6.4, where it is shown that it is the current leakage that is responsible for the non-linear 
nature of the L-I curve, and not the second lasing mode.
6.6.2 The effect of stimulated recombination
The carrier density profiles of figure 6.7 show that the carrier density becomes pinned 
near to its threshold value across the active layer, although at the edges of the active 
region, where the optical field is lowest, there is less carrier pinning. If the optical field 
were not present, then the carrier density would not be pinned, and would continue to 
rise with drive current. This effect is shown clearly in figure 6.10, which plots the dis­
tribution of the carrier density across the active layer for various drive currents, assuming 
that no stimulated recombination occurs.
Ignoring the stimulated recombination effectively means that there is no light production 
in the cavity, and therefore no threshold current For comparison purposes, the carrier 
density has been plotted assuming that the threshold current would be the same as for 
figure 6.7. It can be seen from figure 6.10 that whilst the carrier density is no longer 
pinned near to its threshold value, the carrier density profile does still dip in the centre, 
although not to such an extent as is seen in figure 6.7. Since there is no stimulated 
recombination, the dip must be caused by current crowding at the edges of the active 
layer, and by carrier diffusion.
Comparison of figures 6.10 and 6.7 shows the effect of the inclusion of the optical model 
on the carrier profile. The effect on the calculated leakage current in the device is just 
as great, and the graph of heterojunction versus homojunction current, assuming no 
stimulated recombination, is shown in figure 6.11. It can be seen, by comparing figure
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6.11 with figure 6.5, that if the stimulated recombination is ignored, the increased active 
layer carrier density leads to greatly increased leakage current The linear relationship 
between heterojunction and homojunction current is also lost as a greater current flows 
through the homojunctions. These two figures, 6.10 and 6.11, show the crucial effect of 
the stimulated carrier recombination on the electrical characteristics of the BRS laser.
6.63 The effect of the second lasing mode
The model outlined in this chapter includes, in a self consistent fashion, the effects of 
several lasing modes. This type of fully self-consistent treatment of the optical problem 
only been carried out by one other author [6], and in this case a highly simplified electrical 
model was used. Most other models of the lasing characteristics of semiconductor devices 
only include the effect of a single lateral optical mode. However, it has been observed 
experimentally for buried heterostructure lasers that lasing does occur in more than one 
lateral mode [17], due to the strong real index guiding provided. It is therefore instructive 
to observe the effects of the second lasing mode on the laser characteristics by comparison 
to the case when only a single optical mode is allowed to lase.
It is simple, from the model, to limit lasing to a single mode, and this has been done for 
the results presented in this section. The carrier profile across the active layer in such a 
case is shown in figure 6.12, where carrier profiles are presented for five different values 
of injected current When compared to figure 6.7, which shows the same characteristic 
for the case where lasing is allowed in the second mode, it can be seen that there are 
considerable differences in the carrier profiles. The variation in carrier density across 
the active region is greater than that for the double moded case, because with only a 
single optical mode there is greater optical field in the centre of the active region, but 
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Figure 6.14 Homojunction leakage current versus 
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Figure 6.15 The variation of output light power 
with active layer current showing the effect of 
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by the lasing action.
The pattern of current density in the device also differs, due to the lack of the second 
lasing mode, and this is shown in figure 6.13. The change of the curve in the centre of 
the active region from convex to concave, as seen in figure 6.6 for the case where two 
lasing modes are allowed, no longer occurs. This indicates that the change in current 
distribution is due to the effects on the stimulated recombination of the second lasing 
mode.
The effect on the leakage current of allowing only the fundamental mode to lase is seen 
in figure 6.14. It can be seen that by allowing only a single mode to lase, the leakage 
current is over-estimated slightly. The main reason for this is that the carrier density at 
the edges of the active layer is increased by the single mode assumption, as seen in figure 
6.12. This increases the voltage at the edges of the active layer, with the consequence 
that the voltage across the homojunction region will be increased, and therefore the 
leakage will be higher.
The result of the single mode assumption on the light-current characteristic is shown in 
figure 6.15, which also shows, for comparison, the L-I curve obtained when two modes 
are allowed to lase. It can be seen that, due to the over-estimation of the leakage current, 
the curve for the single mode case shows greater sublinearity. Although the effect may 
appear slight, it has already been noted that such slight variations can render the laser 
useless for certain applications.
The point at which the second lateral mode begins to lase can be an important design 
parameter. The second mode alters the beam width, changing the coupling of the light 
out of the device, and will have a turn on transient which may affect the modulation 
performance. It can also be shown that the dynamic performance of lasing devices is 
related to the carrier profile across the active layer [18], which is significantly altered if
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the second lasing mode is ignored. The inclusion of the second lateral mode in the model 
therefore alters the laser performance, and the inclusion of the second mode in the model 
will lead to a more accurate assessment of the device characteristics, and enable the 
structures which do not support a second mode to be identified.
6.6.4 The effect of doping variations
It was seen in chapter 3 that the simple, non self-consistent model predicted that leakage 
current through the homojunction regions can be reduced to negligible levels by 
increasing the doping level of the p-type upper cladding layer. In this section the influence 
of the doping level of the upper cladding layer on both the calculated electrical and 
optical characteristics is investigated. The effect of the doping level on the overall light 
versus current characteristic of the device is shown in figure 6.16. The figure shows the 
effect of increasing the cladding doping level from 5.0xl017cm*3 to 2.0xl018cm*3. It can 
be seen that the characteristics become increasingly linear, indicating that the leakage 
current is indeed reduced. Above a doping level of about l .lx l0 18cm'3 (not shown on 
the figure) the curves become virtually linear, whilst at the lowest doping level 
investigated, 5.0x 1017cm'3, there is considerable leakage as evidenced by the sublinearity 
of the curve.
It has been observed from experiments [15] carried out on CM and other lasers that 
increasing the doping level of the upper cladding layer has the effect of increasing the 
threshold current of the lasers. This effect, however, is not seen in figure 6.16. The p-type 
dopant which is used in the InP/InGaAsP lasers studied here is Zn, which can be used 
to obtain very high doping levels. One of the characteristics of this dopant is that it is 
very mobile. The lasers studied here have regrowth stages, with the BRS laser the active 
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is defined on the wafer, and then the upper cladding layer grown over it. With the CM 
laser, the regrowth of material to bury the active layer is by either mass transport or 
vapour phase epitaxy, both of which are relatively high temperature processes.
The simplicity of the structures studied here is an advantage in the fabrication process, 
however it means that the highly doped cladding region is in direct contact with the 
nominally undoped active region during the re-growth processes. It is therefore rea­
sonable to assume that the doping of the cladding layer migrates into the thin active 
layer. In the model, this means that the doping of the active layer, p a, is equal to the 
doping of the cladding layer, pa. The calculated light versus current characteristics, 
assuming that the dopant migrates, are shown in figure 6.17. It can be seen that the 
threshold current does indeed now increase with doping level, as observed experimen­
tally. This shows strong evidence to suggest that the p-type doping from the upper 
cladding region in the actual devices migrates into the active layer. The cladding and 
active layer doping levels are therefore assumed to be identical in all the results presented 
in this chapter, with the exception of figure 6.16.
The effect of the doping level on leakage current is seen in figures 6.18 and 6.19. In 
figure 6.18 the homojunction current is plotted against the heterojunction current, and 
figure 6.19 shows the I-dV/dl characteristic which was introduced in chapter 3. It can 
be seen that the calculated leakage current pattern is similar to that obtained from the 
non self-consistent electrical model in chapter 3 (figures 3 .16(a) and 3.17(a)). As found 
in chapter 3, the leakage current curves are sub-linear at high values of heterojunction 
current, indicating the effects of current spreading in the cladding layer. However, the 
degree of sublinearity seen in figure 6.18 is greater than that of figure 3.14, and the 
predicted leakage currents are higher.
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The I-dV/dl characteristic shown in figure 6.19 also shows the same basic form as that 
calculated from the electrical model of chapter 3 (figures 3.16(b) and 3.17(b)). The 
calculated change in slope of the characteristic, indicating turn on of the homojunction 
regions is, however, less in the self-consistent model than in the non self-consistent 
electrical model. In the cases where a significant homojunction current flows (i.e. doping 
levels less than l .lx l0 18cm*3), the change in slope of the characteristic can be seen.
The electrical model used in the self-consistent model is identical in all respects, apart 
from the calculation of the active layer carrier density, to the electrical model of chapter 
3. In chapter 3 a fixed, uniform carrier density was assumed in the active layer, whereas 
the effects of carrier diffusion and stimulated recombination are included in the 
self-consistent model and used to calculate the carrier density in the active region. The 
main differences between the characteristics calculated from the two models are due to 
two consequences of the calculation of the active layer carrier density. First, the level 
of the carrier density calculated by the self-consistent model is generally higher than 
that used for the electrical only simulation. Secondly, the spatial hole burning in the 
carrier profile across the active layer, caused by stimulated recombination, carrier 
diffusion and non-uniform current injection into the active layer, alters the current 
spreading in the cladding region.
Figures 6.18 and 6.19 indicate that the effects of stimulated recombination and carrier 
diffusion, which are taken into account in the full self-consistent model, are of importance 
in calculating the form of the electrical properties of the device. Also, as was demon­
strated in chapter 3, the value of the carrier density chosen in the electrical model has 
an important effect in determining the actual value of leakage current calculated, and 
the value of the carrier density can only be found from the fully self-consistent model.
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Since it is the actual value of leakage current that is of interest when manufacturing a 
device, it can be seen that the self-consistent model is a much more accurate predictor 
of the electrical characteristics than the more simple electrical model of chapter 3.
The photon densities of the first two lasing modes are shown in figure 6.20 plotted against 
drive current, with the cladding (and active) layer doping density as a parameter. It can 
be seen that the slope of the fundamental mode photon density curves change dramatically 
when the second lasing mode appears, as has been seen previously. Figure 6.20 also 
shows that the sublinearity of the light-current curve is mainly due to changes in the 
behaviour of the first order and not the fundamental mode. For doping densities below 
l .lx l0 18cm'3 the IL characteristic is sublinear, but the sublinearity is most noticeable at 
the lowest doping level studied, 5.0x1017cm‘3. It can be clearly seen from figure 6.20 
that at this doping density, whilst the curve for the fundamental mode consists of two 
virtually straight line segments, the curve for the first order mode is substantially sub- 
linear, and cuts across the characteristics for the higher doping densities.
The fact that the sub-linear L-I characteristic is not caused by the presence of the second 
lasing mode is demonstrated by comparing the results of figures 6.20 and 6.17. In figure 
6.17 it can be seen that the L-I curves become linear for increasing doping, whereas 
figure 6.20 shows that for all doping levels examined two modes are lasing. The 
sublinearity is therefore not due to the second lasing mode, but to the leakage current 
that is by-passing the active layer.
The model includes a great deal of interaction between the electrical and optical char­
acteristics, and the reason why the leakage has a greater effect on the first order mode 
photon density is not clear. One possible explanation for this effect may be found by 
considering the fact that the first order mode requires a high carrier density at the edges 
of the active region for lasing. When the homojunction regions become conducting the
-6.31-
current distribution alters, and a proportion of the current that would otherwise be injected 
into the edges of the active region (and generate carriers here) flows through the 
homojunctions. This effect is more pronounced at the edges of the active region than at 
the centre, and hence when the homojunction regions begin to conduct the effect on the 
first order mode is greater than on the fundamental mode.
It can also be seen from figure 6.20 that the threshold current for the fundamental mode 
increases less with increasing doping density than the threshold current for the first order 
mode. Therefore, as the doping density increases, the range of current over which the 
laser will operate in a single lateral mode increases substantially. The explanation for 
the increase in threshold of the first order mode relative to that of the fundamental mode 
is again related to the carrier distribution in the active layer.
Again, due to the complex interactions involved, it is not possible to be precise about 
the reason for this effect, but a major contributing factor will be that the increased doping 
level decreases the resistivity of the cladding region. This means that at higher doping 
levels there is a more uniform distribution of current in the device, and therefore less 
current crowding at the edges of the active layer. There is therefore a more uniform 
current distribution injected into the active layer, and the carrier distribution in the active 
layer is thus flatter, with less carriers at the edges of the active region. This in turn leads 
to there being less optical gain at the edges of the active region, and the threshold of the 
first order mode is increased.
This combination of the two effects described above, that of increased threshold for the 
first order mode and greater sublinearity of the L-I characteristic due to leakage, can be 
seen in figure 6.21. The figure shows the normalised optical field profile across the 
active/homojunction plane of the laser at a drive current of six times the threshold current. 
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a parameter.
can be seen. The trend, as would be expected from the increased threshold of the first 
order mode with doping, is that increasing the doping level results in a less significant 
contribution of the second lasing mode. However, due to the effect of the leakage current 
reducing the power carried by the first order mode, at a doping level of 5.0xl017cm'3 the 
contribution of this mode as a fraction of the overall power is less than at a doping level 
of 8.0x1017cm'3.
The p-type doping level of the upper cladding region therefore has a much more complex 
effect than might have been assumed from the simple electrical or optical models. The 
doping level does, as anticipated, reduce the leakage of current through the homojunction 
regions. It also has the unfortunate effect of increasing the threshold current of the device, 
due to leakage of dopant into the active region. An unexpected benefit of increasing the 
doping level above that required for linearity of the L-I characteristic is that the tendency 
of the device to lase in more than one lateral mode is reduced.
6.6.5 The CM laser
It was noted in chapter 3, when the electrical characteristics of the BRS and CM structures 
were modelled in a non self-consistent fashion, that the difference between the two 
devices was small. The main difference that was noticed was that the leakage current in 
the CM device was lower than in the BRS laser. With the self-consistent model, the only 
differences are in the electrical model, the optical problem is the same for both devices, 
since the optical field decays to a very small fraction of its original intensity near the 
sloping mesa walls and these are therefore not included in the optical model.
Figure 6.22 shows a comparison between the light vs current characteristics calculated 
for the two different laser structures, each with identical dimensions. It is assumed that, 
as in chapter 3, the mesa angle of the CM laser is 45°. It can be seen that the two curves
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are of the same form, the threshold current is identical in each case and the curves are 
substantially linear. The curve for the CM laser, however, shows a very slightly higher 
quantum efficiency relative to that of the BRS, and also lower leakage, as evidenced by 
the more linear characteristic.
A comparison of the leakage currents in the two devices is shown in figure 6.23. It can 
be seen from this figure, as predicted from figure 6.22 and the non self-consistent 
modelling of chapter 3, that the leakage current is indeed slightly lower in the CM than 
the BRS laser. It would therefore appear that the current is focussed into the active layer 
by the sloping mesa sidewalls, as was found in chapter 3. The CM laser therefore offers 
slightly better performance than the BRS laser, which, together with its lower parasitics, 
increases its suitability for high bandwidth applications.
6.6.6 The effect of dimensional variations
It has been demonstrated, in chapters 3 and 5, that the variation of the device dimensions 
has a great effect on both the electrical and optical properties of buried heterostructure 
lasers. One of the main uses of a model such as the one presented here is to analyse the 
effects of various dimensional changes and to obtain an optimized device structure. Such 
alterations to device geometry are difficult and expensive to carry out experimentally. 
The model has therefore been used to examine the effects of changes in the device 
geometry on the static performance of the laser devices. In the following two sections, 
unless otherwise stated, the nominal device dimensions and doping levels are as given 
in table 1.
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6.6.6.1 Active layer depth
The active layer depth has an effect on both the electrical and optical properties of the 
device. The confinement of the optical mode to the active layer, and hence the stimulated 
recombination, depends critically on the active layer depth, whilst the generation of 
carriers in the active layer, and hence the electrical properties of the device, are also 
depth dependant These two factors operate in opposition, and it can be shown, using a 
simple analysis (e.g. [19]) that there should be an optimum active layer depth which 
produces a minimum threshold current
Figure 6.24 shows the effect on the calculated threshold current of varying the active 
layer depth between 0.1 and 0.2jim. As expected, there is an optimum value of depth 
which gives the lowest threshold, and the threshold current is below 12mA for active 
layer depths between 0.125 and 0.15|im. In practice, due to variations in the growth of 
the wafer, the active layer depth will vary across a wafer, but with modem processing 
technology it is possible to control the active layer depth between these limits. For many 
reported devices, the active layer depth used is around 0.15pm, corresponding to the 
minimum threshold, although there has been a tendency recently to increase the active 
layer depth to improve the optical confinement, at the expense of laser threshold.
The modelled light-current characteristics for lasers with active layer depths varying 
between 0.1 and 0.2pm are shown in figure 6.25. The figure shows that the sub-linearity 
of the LI characteristic, as well as the threshold current, varies with depth, indicating 
that the leakage current is influenced by device depth. This is to be expected, since the 
carrier generation term in the carrier diffusion equation depends on active layer depth, 
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better confined with a deeper active layer). It can be seen that increasing the active layer 
depth, from 0.1pm to 0.15pm, has quite a large effect on reducing the leakage current, 
whereas a further increase in depth to 0.2|im has a limited effect on leakage.
The effect of the active layer depth on the mode structure of the laser is shown in figure 
6.26. The figure shows that, at an active layer depth of 0.15pm the characteristic is clearly 
multi-moded, as evidenced by the abrupt change in slope of the photon density char­
acteristic of the fundamental mode, where the first mode begins to lase. However, at a 
depth of 0.125pm the characteristic shows only one lasing mode. The main reason for 
this effect is that the active layer depth alters the confinement of the optical modes in 
the transverse direction. Reducing the confinement will reduce the gain experienced by 
the mode, and at some point the gain will be reduced sufficiently to inhibit lasing. Further 
reduction of the active layer depth will result in the mode being cut-off. The reduction 
in confinement is greater for the first order mode than the fundamental mode, and the 
differential gain between the modes is therefore altered by the active depth, as was seen 
in chapter 5.
It can therefore be seen that the active layer depth has an effect on the threshold current, 
leakage current and mode structure of the laser. For a minimum threshold current, a 
depth of 0.125 to 0.15pm must be used. However, at one end of this range, 0.125pm, 
the leakage current is high, whereas at the other end the laser operates in several lateral 
modes. The two effects, therefore, are not complimentary, and with this particular laser 
geometry an active layer depth may be defined to limit either leakage or multimode 
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photon density of the mode therefore falls off.
Figure 6.28 is useful to demonstrate two important points. First, with an active layer 
cross section of 1.6pm x 0.15pm the first order mode is still guided by the waveguiding 
structure of the laser. However, figure 6.28 shows clearly that this mode does not lase, 
at least at currents up to 100mA. This demonstrates that single mode operation can be 
obtained in active regions which support higher order modes. Secondly, the leakage 
current is low (from figure 6.27) at active layer widths of 2.0 and 1.8pm, where two 
modes are lasing, but increases at lower device widths. This shows again that there is 
no relationship between the second lasing mode and the sublinearity of the characteristic.
The change in overall device resistance (dV/dl) against injected current is shown in 
figure 6.29. This characteristic was presented in chapter 3 for the electrical model, and 
is readily obtained from experimental measurements. The overall form of the char­
acteristic is similar to that of figures 3.12(b) and 3.13(b) of chapter 3, however the actual 
values are different, which is to be expected since in chapter 3 a simple fixed active layer 
carrier density was taken, and the actual value of this carrier density was unknown. 
Figure 6.29, however, does not show such the clear cut change in slope that was seen in 
chapter 3. This is probably due a change in current distribution caused by the varying 
active layer carrier distribution seen, for example, in figure 6.7.
6.7 Discussion
In this chapter a self-consistent model for the static lasing characteristics of buried 
heterostructure lasers has been presented. The model uses the work presented in chapter 
3 for the electrical model and chapter 5 for the optical model, and these are modified to
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include the lasing condition, and to enable the calculation of the carrier density in the 
active layer. The model has been used to analyse both the BRS and CM laser structures, 
and the results from this analysis have been presented.
The model is capable of calculating experimentally observable characteristics, such as 
optical field profile, light-current and dV/dl characteristics. It is also possible to calculate 
characteristics which would be difficult or impossible to obtain experimentally, such as 
carrier and current profiles in the device, the relationship between heterojunction and 
homojunction leakage current, and the proportion of the power carried by each of the 
lasing modes. These characteristics are invaluable in explaining the effects seen in the 
observable parameters, and are one of the important features of the model.
It was seen that the inclusion of the second lasing mode in the model is important, since 
the calculated characteristics from the model are altered by the inclusion of the mode. 
The effect of the doping level was investigated, and it was seen that the effect of altering 
the doping level is greater than might be expected by the separate electrical and optical 
modelling carried out in the previous chapters. The leakage current is reduced by 
increasing the doping level, but the threshold current of the laser is also increased, due 
to migration of the cladding layer dopants into the active layer. By increasing the cladding 
layer doping level the threshold of the second lasing mode is also increased relative to 
the laser threshold. This means that for higher doped devices there is a greater range of 
currents over which the laser will operate in a single lateral mode.
The differences between the two device geometries under investigation, the CM and 
BRS lasers, was examined. It was seen that there was little difference between the two 
lasers, but as anticipated from the electrical modelling, the leakage current was slightly 
lower for the CM laser. The reason for this effect must lie in the geometry of the cladding 
region, which directs the current in different directions in the two lasers.
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The effects on the laser output of varying the active region dimensions was investigated. 
It was seen that there is an optimum value of active layer depth that will produce a 
minimum threshold current. Unfortunately, this depth does not correspond to the value 
at which single lateral mode operation is ensured, and therefore some other means of 
ensuring this is required. Reducing the active layer width will provide a means of limiting 
the laser to single lateral mode operation, however narrow active layers can cause 
problems with coupling of the light out of the device and into the fibre. If one were 
designing a laser there is therefore a compromise to be made, and the model presented 
here would be an excellent design tool to ensure good laser performance.
v
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|| Parameter Value Units
Electrical De 10 cmV1
constants B0 l.lx lO '10 cmV1
*1 1.2x1 O'29 cmV1
C 3.3xl0'29 cmV1





100 c m W 1
T1 1





Optical X 1.3 pm
constants H jn p 3.2
n lnG aA sP 3.52
a 3x1 O'16 cm
b 400 cm'1
reflectivity 0.35
cavity loss 50 cm'1
R -3
Dimensions W 6.0 pm
(see C 2.0 pm
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CHAPTER 7: CONCLUSIONS AND FURTHER WORK
7.1 Introduction
This thesis has considered, in depth, the modelling of buried heterostructure semicon­
ductor laser devices. It has been seen that in order to model the characteristics of diode 
lasers accurately, both the electrical and optical characteristics of the device must be 
considered. A self consistent model has been developed from the basic building blocks 
of the electrical model given in chapter 3 and the optical model of chapter 5. This self 
consistent model has been used to examine the lasing properties of various device 
structures, focussing specifically on the buried ridge structure (BRS) and constricted 
mesa (CM) lasers.
The investigation of these laser structures has examined the above-threshold char­
acteristics, and concentrated on the twin problems of current leakage around the active 
layer, and multi-lateral mode operation. It has been shown that both of these problems 
can be alleviated by proper design. The important parameters in limiting current leakage 
have been shown to be the upper p-type cladding layer doping level and the ratio of 
active width to device width, the dominant parameter being the doping level. To limit 
the multimode operation it is necessary to have a relatively narrow and thin active region, 
and it has been shown in this work that the required width is less than the often quoted 
value of 2 |im.
7.2 The electrical model
The electrical model, developed in chapter 3, considered the problem of current spreading 
in buried heterostructure lasers. The model does not account for the effects of carrier
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recombination due to the presence of an optical field in the active layer, and it is therefore 
only valid up to threshold. In order to model the above-threshold characteristics (in a 
non self-consistent fashion) it was necessary to assume that the carrier density in the 
active layer becomes clamped at its threshold value. A value of carrier density 
(2.0x1018cm-3) was chosen, within the range found in previous experimental and 
theoretical studies [ 1,2 ], and the carrier density was assumed to take this value throughout 
the width of the active layer. It was shown that the actual value of carrier density only 
has a multiplicative effect on the leakage current.
The electrical modelling concentrated on examining leakage currents around the active 
layer of above threshold buried heterostructure lasers. From the model it was possible 
to see several trends. As would be expected, increasing the ratio of active layer width 
to homojunction width decreased the ratio of leakage current to total current. However, 
the depth of the cladding region and the contact width were found to have only a small 
influence on the leakage current. The main influence on the leakage current was found 
to be the cladding layer doping level, with increasing doping levels dramatically reducing 
the homojunction leakage current
Using the model it was possible to simulate the I-V characteristics of devices, and thus 
to calculate the I-dV/dl characteristic, both of which can be obtained experimentally. 
From these, it can be seen that the I-dV/dl characteristic can be used to examine directly 
the effect of the leakage current. Above threshold, a deviation in the characteristic shows 
the onset of current leakage. This could be a powerful experimental tool where other 
direct experimental methods cannot be used.
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7.3 The optical model
The investigation of the optical characteristics used the Weighted Index method to model 
the waveguiding of the lasers. The standard WI method could not be applied directly to 
waveguides of complex permittivity, and the method was therefore generalised to 
account for complex permittivities by modifying the normalisation condition used. The 
optical modelling shows that, for buried heterostructure lasers of normal dimensions, 
neither the propagation constant nor the confinement factor achieve the asymptotic values 
for one dimensional waveguides which would be reached for guides of infinite width. 
It is therefore necessary to account for the two dimensional nature of the waveguides, 
and the WI method is ideal for use in such situations, being both rapid and accurate 
compared with other approximate techniques available.
The modelling of the optical characteristics of waveguides takes account of the carriers 
present in the active layer. The carrier injection depresses the real part of the refractive 
index, and increases the imaginary component, thus altering the waveguiding properties. 
The waveguide gain and propagation constant were examined for the case of uniform 
carrier density across the width of the active layer. It was seen that in this case, for normal 
guide dimensions, the relationship between carrier density and waveguide gain was 
nearly linear. It was shown that for typical waveguide geometries and internal losses, 
threshold carrier densities of around 2 x l0 18cm' 3 are required for the lasing condition to 
be m et
7.4 The self-consistent model
The results of the self-consistent model show that the carrier density is not uniform across 
the active layer as was assumed in the non self-consistent modelling of the electrical and 
optical properties. Indeed, the carrier density profile across the active layer alters with
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increasing injected current, active layer dimensions and the p-type cladding layer doping 
concentration. The non-uniform distribution of carriers is due to two main factors. The 
primary factor is spatial hole burning of the carriers caused by increased stimulated 
recombination in the region of high optical field. A further reason for the non-uniform 
carrier distribution is the current crowding in the device, which alters the current injection 
into the active layer and thus the carrier distribution.
The self consistent model shows that the leakage current is underestimated by the simpler 
electrical only model of chapter 3. This is due to two factors. The self-consistent model 
predicts a higher active layer carrier density than has been used in the electrical model, 
leading to higher leakage currents. Secondly, the carrier density varies across the active 
layer. The spatial hole burning and current crowding cause the carrier density at the 
edges of the active region to be higher than at the centre. This implies that the voltage 
across this part of the active layer increases, and this in turn requires that the voltage 
across the homojunction regions is increased. The increased homojunction voltage 
results in increased current passing through the homojunction regions and therefore 
greater leakage current.
The carrier density alters the refractive index in the active layer, altering its waveguiding 
properties. The change of the carrier profile caused by spatial hole burning and current 
crowding alters the gain profile across the active layer, and this means that a second 
optical mode may have sufficient gain to lase. The presence of the second lasing mode 
does not lead to a kink in the light-current characteristic, due to the well defined index 
guiding of the laser, but it can cause problems with the modulation and coupling per­
formance of the devices.
The inclusion of the second optical mode in the model enables investigation of the point 
at which this mode begins to lase, and the structures in which a second mode is prevented
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from lasing. It was demonstrated that it is possible to ensure lasing in only the fundamental 
mode by reducing the active layer width, or depth, sufficient to reduce the confinement 
of the second mode below a certain required value. It was also shown that the threshold 
current of the second lasing mode can be increased by increasing the doping density of 
the upper cladding layer. Other effects of the increased doping are to reduce the leakage 
current, and increase slightly the laser threshold current.
Without the inclusion of the second mode, it was found that the leakage current predicted 
by the model is artificially increased, due to the increased spatial hole burning in the 
centre of the active region. The self-consistent model therefore provides a more accurate 
picture of the laser characteristics than would be obtained from a single mode model. 
This fact demonstrates again that a self-consistent approach is required to obtain an 
understanding of what might otherwise seem to be anomalous behaviour.
7.5 Suggested further work
The model developed in this thesis has so far only been applied to the BRS and CM laser 
geometries. However, it would be possible to use the model, with suitable changes to 
the boundary conditions, in a wide range of laser structures, such as multiple stripe, ridge 
and rib waveguide lasers. The optical waveguide model is generally applicable to any 
waveguide structure where the two dimensional scalar wave equation is valid, and can 
be used to study waveguides where the predominant guiding is by gain guiding, index 
guiding, or a combination of both. The electrical model is more restricted, and the 
conditions in which the model is valid are given in chapter 3 .
It would be possible to extend the model in several ways, although some of these would 
require extensive further work. One of the main problems in the practical operation of
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laser devices is the temperature dependence of the output characteristics. Mass trans­
ported lasers are particularly prone to high temperature dependence, possibly because 
of the diffusion of dopants during the mass-transport process [3]. The temperature 
spreading in thermally conductive devices is well described by the Laplace equation, 
and the program already incorporates a Laplace equation solving routine. Temperature 
spreading from an external heat-sink would therefore be relatively simple to incorporate 
into the model.
The generation of heat inside the laser, and the effects of the temperature on the laser 
parameters are, however, not so simple to model. Such heating effects are caused by 
Ohmic heating and carrier recombination effects. Heat generation in the active layer has 
been previously investigated for other laser structures, and it has been found that this 
cannot be ignored [4]. The temperature dependence of the electrical properties of the 
BRS laser has also been studied previously [2], in this case the temperature dependence 
of the parameters was included in the model by simple analytic expressions. However, 
in the self consistent model it is the temperature dependent optical gain parameters that 
are the most critical, and the modelling of these parameters is not simple.
The gain parameters of the laser are also dependant on the doping level in the active 
layer. The most significant addition that would be required is an accurate model of the 
effect of temperature and doping levels on these gain parameters. Such a model has been 
published and the results tabulated in a convenient form [5], however the values of the 
parameters obtained from this theoretical model are only within an order of magnitude 
of those obtained from experiment There appears to be a problem in obtaining a simple 
theoretical model of optical gain that agrees well with experimental values, probably 
due to inaccuracies in the band parameters used in theoretical modelling. The temperature 
modelling of the device may therefore be difficult
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InGaAsP lasers are well known for operating in more than one longitudinal mode, 
although this is almost always ignored in self-consistent modelling. A more accurate 
model would do well to include the effect of the longitudinal modes, since these will 
almost always be present in devices of reasonable length. If account is being taken of 
longitudinal modes, the phase relationships between the modes must be considered, and 
for consistency the longitudinal variations in carrier density and optical field should also 
be included. However, this would make the program far more complex, since the optical 
model would have to be significantly changed, and both the forward and backward 
propagating waves must be accounted for. Despite this, it would be possible to use an 
electrical model similar to that used in this work.
7.5.1 Temporal characteristics
Whilst this thesis has only examined static properties of lasers, the work carried out may 
have implications for the dynamic response of lasers. Several models of the temporal 
characteristics of CM and similar lasers have been constructed, and many of these predict 
that the relaxation oscillation peak at around resonance can be damped by spatial hole 
burning of carriers across the active layer, as well as by inclusion of all the longitudinal 
modes [4,6,7]. However, up to the present time this has been speculative, since no 
self-consistent model of the devices has been available, and therefore no accurate carrier 
profiles have been available.
The model used by Morton [4] employs a damping factor which is calculated by assuming 
a cos2 distribution of carriers across the active layer. This is used, via a series of 
approximations, to obtain a damping ratio. However, as can be seen from the results of 
chapter 6 , the carrier distribution can vary widely, and a simple cos2 approximation is 
not a good one. From the present work, the exact carrier profile can be obtained for any
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applied current, and hence a better, current dependant value of damping ratio found. 
This could then be included in the temporal model to improve the prediction of the time 
dependant response.
7.5.2 DFB lasers
Modelling of DFB lasers has, in general, not achieved the sophistication of Fabry-Perot 
laser models in terms of self-consistent electrical and optical models, due to the far 
greater complexity of such devices. In order to model DFBs, it is necessary to include 
the effect of longitudinal variations of optical field and carrier density. The model 
presented in this thesis could therefore not be applied to DFB lasers as it stands, however 
some features of the model do make it particularly suitable for extension to the DFB 
case. One of the important results from the present work that has a bearing on the DFB 
case is that spatial variations in the carrier density affect the leakage. It has also been 
found experimentally that current leakage is higher in DFB lasers than Fabry-Perot 
devices, and this may be due in part to the variation of carrier density along the length 
of DFB lasers.
The electrical model, in particular, can be easily extended to three dimensions, requiring 
only an extension of the finite difference scheme to a further dimension. Care should be 
taken, however, with the applicability of the model. It is often the case with DFBs that 
a waveguide layer of different bandgap is incorporated into the structure. Such a layer 
adds a further heterojunction into the structure, which is not easily accounted for in the 
model as it stands.
The optical model would require much greater complexity than the model used in this 
thesis. The simple two dimensional scalar wave equation is no longer applicable in the 
DFB case, and the full wave equation must be solved for both forward and backward
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travelling waves by a more complex (and thus time consuming) method. One feature of 
the present model that is, however, ideal for modelling DFB lasers is that the carrier 
profile across any portion of the active layer fixes both the electrical and optical properties 
at that part of the device. Any self-consistent model for DFBs would be extremely large, 
and by using only the carrier density profile at any point to fully define all the properties 
of the device at that point, computer storage could be minimised.
7.6 Device Fabrication
The buried heterostructure laser has many desirable properties which can be exploited, 
and one of the initial aims of this work was to fabricate buried heterostructure constricted 
mesa lasers. Although this objective was not met due to financial constraints, much work 
was carried out in examining the relevant literature and in the design and purchasing of 
equipment to facilitate the device fabrication. Most buried heterostructure devices, 
however, require the growth of material over non-planar substrates. Material growth is 
an expensive and complicated process, requiring a great deal of investment in both 
equipment and personnel. It was therefore decided to use the mass transport process to 
bury the active layer.
Mass transport is relatively simple in comparison to other growth techniques, and requires 
relatively cheap and easy to operate equipment. It is therefore ideal for the production 
of buried heterostructure lasers at facilities such as Bath, where clean room facilities are 
available, but the need for material growth, or the financial resources, are not A possible 
fabrication process for constricted mesa lasers that could be used at Bath is summarised 
in the following paragraphs, and illustrated in figure 7.1.
The initial step is to deposit a masking layer of Si02 on the upper (p-type) cladding layer 
of a double heterostructure wafer, grown by any of the standard growth techniques. Stripe
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Figure 7.1 Schematic diagrams showing the fabrication of the 
constricated mesa laser by the mass transport process.
openings are formed in the Si02 masking layer using standard photolithographic tech­
niques, as shown in figure 7.1(a). There then follow three chemical wet etch stages to 
define the mushroom shape of figure 7.1 (b). In the first of these, the material not protected 
by the mask is etched away using a selective etchant which stops at the active layer. This 
wet etch acts preferentially along the crystal planes to form V-shaped grooves. The 
masking layer is removed in a second etch step, and finally the active layer is etched 
away to the desired width using a preferential etch.
The next fabrication step is to regrow InP material around the active layer to form a 
buried heterostructure. The proposed technique for this is mass transport, which has been 
used with success by several groups [e.g. 1,3,7]. Mass transport is a particularly simple 
regrowth technique, requiring only a suitable liquid phase epitaxy type furnace, a supply 
of hydrogen gas, and a source of phosphorus (either from PH3 or an InP cover slice). 
The wafer is loaded into the fumace and heated to around 670°C in the presence of the 
hydrogen and phosphorous, and the material of the wafer redistributes to bury the active 
layer, as seen in figure 7.1(c).
After the regrowth process, contacts are made to the wafer on the n and p sides, and the 
wafer diced to produce devices. Devices may be fabricated from wafers with an InGaAs 
p+ capping layer to aid contacting to the upper p-type cladding layer, or may undergo a 
further processing step before metallisation to Zn dope the upper cladding layer, again 
to improve the contact.
The only step in this fabrication process which cannot be carried out using the facilities 
already present at Bath is the mass transport of the InP. In this process material from the 
device wafer redistributes itself in such a way as to smooth out defects on the surface 
and fill cavities. The structure of the CM laser is such that the technique can be used to 
bury the active layer. The process must be carried out at high temperature in a clean
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atmosphere in which phosphorus and hydrogen are present. The method for obtaining 
phosphorus is either by the addition of PH3 to the reactor atmosphere, or by covering 
the wafer with a cover slice of InP (from which the phosphorus outgasses) in close 
proximity to the device wafer. Due to the safety problems involved with use of PH3, the 
second method was chosen.
A laboratory facility was designed and much of the equipment necessary to carry out 
the mass transport process was purchased. The main components required were a fumace, 
fumace tube, gas handling equipment, connecting pipework and control circuitry for the 
fumace and gasses. A schematic diagram of the design of the laboratory is shown in 
figure 7.2. Care was taken to ensure that the hydrogen gas was handled in a safe fashion, 
it was to be housed in a gas cabinet which was to be constantly vented (the cabinet also 
housed a supply of nitrogen to flush the fumace and reduce the amount of hydrogen 
required by the fabrication process). The ceiling was also to be sealed, and a room vent 
was provided. The fumace tube was fabricated to enable the temperature control ther­
mocouple to be close to the wafers, and to enable easy access to the tube for the wafers.
Due to lack of funds, the mass transport laboratory was never completed, and no devices 
were produced. The main components required for the laboratory were, however, pur­














Figure 7.2 The mass transport laboratory, with exploded view of 
the fumace tube.
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APPENDIX 1: BOUNDARIES AT AN ANGLE BY THE 
FINITE DIFFERENCE METHOD
When analyzing the current spreading in the constricted mesa laser, sloping insulating 
boundaries are encountered. In this appendix the finite difference formulae for calcu­
lating the voltage at any point on such a boundary are presented. A rectangular grid can 
always be arranged such that the sloping boundary falls on node points, leaving two of 
the five node points outside the boundary. Referring to figure A l.l, the problem is to 
calculate the value of the voltage at the two nodes lying outside the boundary, in order 
that the five point finite difference form of the Laplace equation ( W  = 0)may be applied. 
To calculate the voltages at the external nodes, the boundary condition must be applied, 
and in this case the boundary condition is that of zero current flow across the boundary.
In the case of the left sloping boundary shown in figure A1.1, the points which fall outside 
the mesa are V(p,q-l) and V(p-l,q). If the internal grid has a node spacing of hx in the 
horizontal direction and hy in the vertical direction, then the points V(p,q-1) and V(p-l,q) 
are chosen to be at these distances from the centre node, giving a regular rectangular 
grid for which hy/hx = tan ex. Applying the boundary condition, the component of current 
from the four nodes at (/? ± l ,q  ± 1) into the node at (p,q) in the direction perpendicular 
to the boundary must be zero, and thus
V(P -  W -v (p ,f ) . (a)+M ± ! M cos(a) (AU)
hx h
=  v ( P  +  i , , ) - v ( P , g ) ^ ( a K y ^ i ) ^ (g ^ ) cos(ct) 
hx hy
Rearranging equation (A l.l) gives
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Figure A 1.2 Homojunction leakage current versus 
heterojunction current for CM lasers. The lasers 
are illustrated in the inset diagram.
For the special case of a  = 90°, a vertical boundary, it can be seen that equation (A 1.2) 
gives the well known boundary condition
V { p - l , q )  = V{p + \ ,q) (A1.3)
and for the case of a  = 0°, which relates to a horizontal boundary, equation (A1.2) gives
However, equation (A 1.2) will in general not yield sufficient values for the external 
nodes, because there are two unknowns and only one equation. In order to obtain values 
for both the external nodes, it is necessary to calculate one of the two unknowns in terms 
of the two known values. One way to do this is to interpolate the voltage at the point Vs, 
shown in figure A l.l. From this, V(p,q-1) can be calculated immediately; both nodes lie 
on the perpendicular to the boundary and are at the same distance from it, therefore the 
two voltages at these nodes are equal. From the figure it can be seen that
x1 = 2Jiy sin cc (A1.5)
V(ptq - l )  = V(p,q + l) (A 1.4)
and
xl +x2 = hy/s ina (A 1.6)
thus
hy(l - 2 sin2a) (A1.7)
sin a
Interpolating the voltage at Vs between V(p+l,q) and V(p,q+1) gives
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<A>®
Xi + x 2
= V(p,q + 1 ) - ^ - +  V(P + 1,< ?)-7 -  
X i + X 2 X i + X 2
= +1) (1 -2 s in 2a) + V{p + l,#)2sin2a
Since Vs and V(p,q-1) are at the same distance from the boundary, and lie on a 
perpendicular to it, then Vs = V(p,q-1), and
V(p,q  - 1 )  = (1 - 2 sini a)V (p , 9  + l )  + 2sin2aV(p +1 ,q)  (A1-9>
Using equations (A 1.2) and (A 1.9) the values of the voltage at the node (p-l,q) may be 
found as
V(p - 1, 9 ) = (1 -2 c o s 2a)V(p + l , 9 ) + 2 cos2aV (p , 9  +1) (A1.10)
The analysis is restricted to 0° < a  < 90°, for other angles the same analysis may be used,
with the grid rotated. The angle of the sloping insulating boundary of the CM laser is 
close to 45°, and for this specific angle equation (A1.9) gives
V ( p , q - l )  = V(p + l ,q )  (A l.ll)
and from equation (A l. 10)
V(p,q + 1) = V(p - 1,9 ) (A1.12)
This boundary condition can also be obtained by observing that for a 45° boundary, 
Vs = V(p + l,q).
To obtain the solution for the voltage at the point {p,q), the Laplace equation must be 
solved. Recall that the five point central difference form of Laplace’s equation may be 
written
-A 1.3-




V ( p ,g - l )  + V(p,g + l ) -2V (p ,g ) _
h 2y
which may be re-arranged to give the voltage at node (p,q) in terms of the voltage at the 
four neighbouring nodes
The voltage at a node on the boundary may thus be found from equation (A 1.14) by 
substituting the values of voltage at the exterior nodes V(p-l,q), and V(p,q-1) from 
equations (A1.9) and (A1.10). The actual values of the two possible mesa angles are 40° 
and 53°. Simulations of the current spreading in trapezoidal regions with such angles 
have been carried out, and it has been found that there is little difference between the 
two possible mesa angles and the chosen angle of 45°.
As an example, figure A1.2 shows a comparison between the leakage currents obtained 
for CM lasers of 2pm depth, 2pm contact width, a regrown width of lpm and an active 
layer width of 2pm. Other parameters for the simulation are identical to those used for 
the nominal CM laser in chapter 3. It can be seen that there is little difference between 
the three curves, justifying the use in the simulations of an angle of 45°.
V(p,q)  = -1 h X  \ V ( p - l , q )  + V{p + h q )  { V { p , q - l )  + V(p,q + \ j \ <A U 4 )
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APPENDIX 2: SOLUTION OF THE CARRIER DENSITY
EQUATION
The carrier diffusion equation described in chapters 3 and 6  is non-linear, and is solved 
by the quasi-linearization method which is outlined in this appendix. Consider the 
non-linear second order differential equation
y"=f(x,y,y')
This can be written as
0 (* ,y ,y ',y ") = y " - / ( * ,y ,y ')  = 0
(A2.1)
(A2.2)
The values of y  after the j* and (j+l)* iterations are denoted by y, and yj+1, and for both 
of these 0=0. The j* iteration gives
y " - f ( x , y j , y ' j )  = 0 (A2.3)
For the (j+1 )* iteration, if the difference between values on successive iterations is small, 
then a first order Taylor’s series expansion gives
®(x>yj+vy'j+i>y"j+i)=®(x,yj>y'j,y"j)+
\ d y j j (yj+i-yj)
(A2A)
or
i I I Cy>+i-y})- J (y')+i-y'j)+ly">+i- y ",)=o
(A2.5)
Finally, substituting y "  from equation (A2.3) into equation (A2.5) gives the general 
formula
-A2.1-
y j*> y i* i- v * 0 ,y r
r d f )
\ dy j i y>
(A2.6)
Equation (A2.6) is now in a linear form, and can be solved by standard finite difference 
techniques. The application of this method to the solution of the carrier diffusion equation 
is now described.
The diffusion equation, equation (6.4.1.7) may be written, substituting for the values of 
the recombination parameters from equations (6.4.1.8), (6.4.1.9) and (6.4.2.8)
„  d 2n(x)  , J(x ,d) , t l c rri l l  , , . (A2.7)
D .— T T + — —  = { a n (x ) -b ) — 1 + ax qt t\0m *
(B0 -  Bxn (x))n (x ) (n(x)+pa) + Cn (x) (n(x)+paf +Dn {x)z
Applying the quasi linearization technique requires a slight re-arrangement of the 
equation. If n"  denotes cfn/dx?, then
/(*,«,.) = n "  = VDt {Kx +Kjij  + K,n}+Kt^+ K ,n ; }
where the constants K1 to Ks are defined as
(A2.8)
Tlo M *  qt
(A2.9)
K2 = * —  2'{'¥if a 9y)SAJ  + CpaTIqa# *
(A2.10)
^ 3  “  A> ^1  Pa






The derivative of equation (A2.8) with respect to rij is given by
f ( x , n j)= VD '{K 2 + 2KfiJ + 3Kin f+ zK sn<'-'}  (A2-14)
The linearized equation is given by (A2.6) as
n "(j+i)-f(x >njynj+i =f(x,nJ) - f ( x , n j)nj (A2.15)
The standard three point central difference formula for a function defined on a regular 
grid with grid spacing h gives the second derivative at any grid node, /?, as
d 2n{x) np+x- 2 n p+np_x (A2.16)
d n 2 U b '~  h 2
Using this formula, equation (A2.15) may be written in finite difference form as
{n/*i}0, + , ) - 2 { n ; (A2. 17) 
h 2
- A x ,  { n j i J  = /(* , {n,}w ) - / ( a t ,  {n,} w) { n ,} ^
remembering that the subscript j  refers to the iteration and the subscript p  to the node in 
the finite difference approximation to the function. Finally this equation may be written 
as
W w f l  { 'W ( ,) + { 'W <,-1) ( A 2 - 1 8 )
This equation is a linear finite difference equation, and the matrix produced by the set 
of finite difference equations describing the function is tri-diagonal. Such a system of 
equations may be solved by Gaussian elimination and back substitution, and a
-A2.3-
tri-diagonal matrix may be stored using only a small amount of computer memory since 
only three columns in any row are non-zero. The solution implemented by such a scheme 
is rapid and economical of computer storage.
-A2.4-
APPENDIX 3: THE METHOD OF CALCULATING PHO­
TON DENSITY
The optical model described in section 6.3 requires the photon densities of all lasing 
modes, this appendix explains the method used to calculate the photon densities. In order 
for a mode to lase, the gain of the mode, determined from the complex part of its 
propagation constant, must exactly equal the round trip cavity losses experienced by that 
mode. A critical parameter in determining the waveguiding properties of the laser is the 
dielectric constant in the active layer, and this depends upon the active layer carrier 
density. Calculation of the active layer carrier density relies on the values of the photon 
densities of the lasing modes via the stimulated recombination term in the carrier 
diffusion equation. Therefore, by altering the photon densities of the lasing modes it is 
possible to alter the waveguiding in the active layer. This will alter the gain of each 
guided mode, and the aim is to adjust the photon densities in such a way as to ensure 
that the gain of all lasing modes is equal to the cavity losses.
Considering initially only a single lasing mode, if the initial guess for the photon density 
of this mode gives a value for the modal gain which is greater than the cavity loss, then 
expression (6.3.2) suggests that the local gain, g(x), and hence the carrier density, must 
be reduced in order that condition (6.3.3) may be m et To achieve this, the value of the 
initial estimated photon density must be increased in order to increase the stimulated 
recombination and thus depress the carrier density (and hence modal gain). Similarly, 
if the initial guess for the photon density gives a modal gain that is too low, a new photon 
density must be chosen which is below the initial value in order to reduce the stimulated 
recombination term.
-A3.1-
The problem can be considered as finding a solution to a set of non-linear equations, 
and a Newton-Raphson approach is applied to the problem. For a single mode, the 
problem is that of obtaining the root of the equation
/ ( 5 0) = G0-  a c = 0  (A3.1)
where a c is the total round trip cavity loss (including mirror losses), S0 is the photon
density of the mode, and G0 is the calculated gain of the mode. An improved estimate 
of the photon density, S0k+1> may be obtained from the previous estimate, S0k, via the 
Newton-Raphson formula
So‘+1 = So‘ -/(So*y/o(So‘) (A3-2)
where f 0 is the derivative of the function with respect to Sq. For the complex series of
equations that link S0 to G0 it is not possible to obtain an analytic solution for the 
derivative. The derivative is therefore obtained numerically from
r  A / G p -e tc -(G o -e tc ) (A3-3)
f  o( o) ASo S0- ( S 0- S S 0)
G0- G 06
SSo
where G$ is the gain obtained when the photon density of S0 -  5S0 is used, and 550 is a
small increment to Sq. The improved estimate of the photon density for a single mode 
is thus
Sq+1 = S Q - ( G o - a c) _
S5p 1 (A3.4)
Gi -  (Go)6.
-A3.2-
Equation (A3.4) can be used to iteratively improve an estimate of the photon density in 
order to relax the modal gain to within a specified tolerance of the cavity loss. However, 
this equation is restricted to a single lasing mode, whereas two lasing modes are 
considered in this thesis. The photon density of each lasing mode is taken into account 
in the carrier density equation, and thus increasing or decreasing the photon density of 
one mode will alter the gain of the other mode. The Newton-Raphson method can be 
generalized to a system of equations, and it is therefore possible to use this technique to 
solve for the photon densities of all lasing modes.
For the case of two lasing modes, the two equations to be solved can be written
f (So,Sl) = G0- a c = 0 (A3.5)
g(5o,5 1) = G1- a c = 0 (A3.6)
The form of the Newton-Raphson equation required for solution of two simultaneous 
equations on the k* iteration is
(A3.7)
In the above equations/'o, g  \  refer to the partial derivatives of the functions with respect
to Sq, and f ly g \  refer to the partial derivatives with respect to Sj. As for the single mode 
case, the derivatives are evaluated numerically. Equation (A3.7) is solved by Gaussian 
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